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Summary 
The interplay of spin currents and magnetization dynamics is one of the key areas 
of study in spintronics. A spin current flowing through a ferromagnetic (FM) 
material can excite magnetization dynamics in the FM via spin transfer torque 
(STT). The reverse process of STT, called spin pumping, generates a spin current 
from a FM with dynamic magnetization. It is indisputable that the generation and 
detection of spin currents in non magnetic materials is of key importance in 
spintronics. Spin pumping, in this regard, is of immense importance as it creates a 
large density spin current (1025 – 1026 in units of ℏ , the reduced Planck’s 
constant) over a large area.  
Spin pumping was first proposed and experimentally demonstrated by 
Silsbee et al. in 1979 [1], but the detailed experimental and theoretical study was 
done only in early 2000s by Tserkovnyak et al., Heinrich et al., and Mizukami et 
al. [2-4]. Since then, spin pumping has been also used to study spin orbit coupled 
phenomena in solids, in particular, the inverse spin Hall effect (ISHE) [5]. The 
ISHE converts the pumped spin current to charge current which can be detected as 
an electromotive force in spin pumping devices.  
The efficiency of spin pumping depends on the interface of a ferromagnet 
and the nonmagnet, and is quantified by spin mixing conductance (g↑↓). To 
increase the pumped spin current density even further, it is important to realize a 
combination of materials in the devices which can give a large value of g↑↓. In this 
regard we have studied the effect of a Cu (Copper) interlayer in Ta/Py devices. 
Here, Py (Permalloy) is the ferromagnet and Ta (Tantalum) is the ISHE material. 
x 
We have done experiments to show that the presence of Cu increases the g↑↓ in 
Ta/Cu/Py devices. 
One of the areas of study in spintronics that has gained considerable 
importance in recent years is spin orbit coupling. By use of spin orbit coupling, 
efficient current induced switching and extremely fast domain wall motion has 
been achieved. One of the most important manifestation of spin orbit coupling is 
spin Hall effect and its inverse i.e., the interconversion of the spin current to the 
charge current. The strength of spin Hall effect is quantified by a dimensionless 
number called spin Hall angle (θsh). The θsh is expected to be higher for metals 
with high atomic numbers, and their compounds. It is also expected to be high for 
a class of materials called topological insulators (TI) [6]. Spin pumping is a 
popular method to estimate the spin Hall angle, as the induced spin current can be 
measured indirectly as charge current via inverse spin Hall effect. We have done 
spin pumping experiments in the prototypical TI material bismuth selenide 
(Bi2Se3), and reported its θsh and spin diffusion length at different temperatures 
ranging from 15 K to 300 K. While the topological nature of Bi2Se3 was not clear 
in our measurements, it is still an important study because spin transport in this 
material has been little studied. 
As mentioned before, spin orbit coupling is strong in heavy metals like Pt, 
Pd and Ta. So far, the temperature dependence of θsh in Ta has not been reported. 
Thus, we have studied temperature dependence of θsh in Ta and found a decrease 
in θsh as the temperature decreased from 300 K to 15 K. To this end, both spin 
pumping and spin torque ferromagnetic resonance measurements were done in 
xi 
Ta/Py and Ta/CoFeB devices at various temperatures ranging from 15 – 300 K.  
From comparison of results of these two measurements, spin orbit torques in 
Ta/Py and Ta/CoFeB were evaluated. 
xii 
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Chapter 1 Introduction  
 
It was in 1800 that the first electrical battery was invented by A. Volta. It was the 
basis of many groundbreaking scientific works in the 19th century. The 
microscopic understanding of electricity came along with the discovery of 
electron in 1897 by J.J. Thomson. Later in 20th century, it was found that 
electrons do not only give rise to electricity but they also have another property 
called spin. Eventually, the field of spintronics was born which aims to 
manipulate the spin of electron for novel applications. 
So far, the only major success of spintronics is in the data storage 
technologies such as in read sensor of hard disk drives, and in magnetic random 
access memories. However, there are many other potential applications of spin, 
such as logic devices and spin transfer torque. Even in data storage technologies, 
it is possible to achieve greater efficiency and data density by novel applications 
of spin current. Spin current is the flow of spin. A pure spin current is the flow of 
spin without any charge, which is possible when electrons with different spins 
move in opposite directions such that net charge current is zero. One interesting 
properties of pure spin currents is that it is expected to be dissipation-less because 
without charge current, there is no Joule heating.  
There are two ways to create pure spin current, one is by spin pumping, 
and another is by spin Hall effect. In spin pumping, a ferromagnet with precessing 
magnetization gives rise to a pure spin current towards a nonmagnetic material in 
its vicinity. In spin Hall effect, a charge current across a material gives rise to a 
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spin current which is transverse to the charge current. In this thesis, both spin 
pumping and spin Hall effect has been studied.  
There have been many studies devoted to the understanding of spin 
pumping, which have revealed that spin pumping is very efficient in generating 
large spin current densities (1025 – 1026 in units of ℏ , the reduced Planck 
constant). Moreover, spin pumping can generate such a spin current over large 
area, and spin pumping based devices as large as 0.1 mm2 have been 
demonstrated. It is imperative that the efficiency of spin pumping be increased 
further, and thus one of the chapters in this thesis is dedicated to study if spin 
pumping efficiency can be tuned by the choice of materials.  
Spin Hall effect has been widely studied in various materials over last 10-
15 years. Recently, spin Hall effect has become even more popular because of its 
possible applications in current induced magnetization switching and in ultrafast 
domain wall motion. The strength of spin Hall effect is quantified by a parameter 
called spin Hall angle, which is basically the spin current produced per unit 
charge current applied to a material. The spin Hall angles of many metals have 
been studied, but such studies are still very limited in semiconductor or in exotic 
materials such a topological insulators. Even in metals, the studies of spin Hall 
effect are not very detailed. For example, temperature dependence of spin Hall 
angle is little studied, and the discrepancies in the values of spin Hall angles 
obtained by different research groups using different techniques is not clearly 
understood. 
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This thesis is organized as follows. Chapter 2, 3, and 4 explain the basic 
concepts of magnetization dynamics, spin pumping and spin orbit coupling 
respectively. Chapter 5 describes the various experimental methods that were 
utilized in the studies presented in this thesis. Chapter 6 presents an experimental 
study of the effect of a Cu interlayer in FM/NM spin pumping devices, where FM 
and NM are ferromagnetic and non magnetic materials respectively. Chapter 7 
describes the experimental study of spin pumping induced inverse spin Hall effect 
in bismuth selenide, a prototypical topological insulator. Chapter 8 discusses spin 
Hall angle in Tantalum studied by different measurement techniques as a function 
of temperature. Finally, a chapter is dedicated to conclude the thesis and provide 
outlook and possibilities of future work. 
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Chapter 2 Basics of magnetization 
dynamics 
 
In this chapter we discuss the basics of magnetism in general and the concepts 
useful to understand the dynamics of magnetization in particular. First we review 
the magnetic moments associated with the spin or orbital angular momentum of 
electrons in an atom. Then, we discuss the various components of energy in a 
ferromagnet, such as exchange energy, anisotropy energy, and demagnetization 
energy. Then, we introduce the Landau-Lifshitz-Gilbert (LLG) equation which 
describes the time evolution of the magnetization in the nanosecond scale. By 
solving LLG equation, one can find the expression for dynamic susceptibility of a 
ferromagnet, and the resonance condition of the oscillations of its magnetization, 
which we discuss briefly. The energy associated with the magnetization dynamics 
of the ferromagnet can be dissipated to heat by various intrinsic or extrinsic 
mechanisms At the end of this chapter, we discuss these mechanisms in detail. 
 
2.1 Magnetic moments 
Electrons in an atom are distributed in different energy levels. Some of 
these levels have an associated angular momentum, which is basically a 
quantification of rotational kinetic energy of the electron around the nucleus. 
Since electron is a charged particle, an angular momentum is equivalent to a 
charge current flowing in a closed path. As evident from Biot-Savart law, such a 
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charge current has a magnetic moment associated with it. Thus, the angular 
momentum (L) of an electron has an associated magnetic moment (µL) with it, 
and their relationship is given by LLµ γ= , where γ is the gyromagnetic ratio of 




γ = , with e and m being the charge and mass 
of the electron, respectively. An electron also has a spin angular momentum (S), 
and a corresponding spin magnetic moment (µS), and they are related by SSµ γ= . 
The total angular momentum (J) and total magnetic moment (µJ) are the vector 
sum of orbital and spin components of angular momentum and magnetic moments 
respectively, JJµ γ= . 
 
Figure 2.2.1 A schematic of an electron (yellow) around an atomic nucleus (red). 
The electron’s motion around nucleus gives rise to its orbital angular momentum. 
Apart from this, an electron also has an intrinsic angular momentum called the 
spin, which is represented by blue arrow in the figure. The total angular 
momentum of the atom is a sum of these two components.  
  
When a magnetic moments is subjected to a magnetic field (H), it 
experiences a torque (τ) given by τ Hµ= × . As illustrated in Fig. 1.2, the torque 
is maximum when the moment is aligned perpendicular to the field, and it is 
minimum when the moment is parallel or anti-parallel to the field. Thus, the 
equation of motion of a magnetic moment can be written as  
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 ( )0Hddt
µ γ µ µ= − ×  (2.1) 
 
The Eq. (2.1) is basically the rate of change of angular momentum equated to the 
torque applied on it by the field H. In this equation, µ0 is the permeability of free 
space (µ0 = 4π10-7 H/m). This equation describes a precessional motion of the 
magnetic moment around the field (H) called the Larmour precession. The 
frequency (f) of this precession is proportional to the magnitude of the field (H) 






=  . 
 
Figure 2.2.2 A magnetic moment in a magnetic field. The magnetic field exerts 
equal and opposite forces on the two poles of the moment, and thus the net force 
acting on the moment is zero. However, if the moment is not aligned with the 




For a ferromagnetic solid, the equation of Larmour precession is modified 
to be written in terms of its spontaneous magnetization (M = mMs), which is its 
total magnetic moment per unit volume, m being the unit vector in its direction. 
 ( )0M M Heffddt γ µ= − ×  (2.2) 
The term Heff is the sum of external applied field, and the fields arising from 
several different energy contributions present in a solid. The effective magnetic 
field is a measure of the differential of total magnetic energy (etot) with respect to 











µ δ= −  (2.3) 
In order to understand the effective field in detail, we need to consider various 
magnetic energy terms in a ferromagnetic solid. In the next section, we discuss 
these energy contributions in detail. 
 
2.2 Components of energy in a ferromagnet 
The total magnetic energy of a ferromagnetic solid is the sum of exchange 
energy Eex, Zeeman energy Ezee, anisotropy energy Eani, and the demagnetization 
energies Edem. The effective fields associated with these energies contribute to the 
motion of the magnetization. The equilibrium condition is reached when the total 
energy from these contributions is minimized with respect to the configuration of 
magnetization.  
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2.2.1 Exchange energy 
The exchange interaction is the most fundamental to understand the origin 
of magnetic order. It is a coupling between two neighboring spins mediated by 
electrostatic forces. The coupling constant, called the exchange constant (J) can 
be positive or negative, corresponding to parallel or antiparallel alignment of 
neighboring spins in the ground state. The energy due to exchange interaction 
between two spins Si and Sj is ( )i jS Sex i jE J= − ⋅ , and the total energy for a 
system of N spins, S1, S2 .. SN is given by  




= − ⋅∑  (2.4) 
The exchange constant (J) becomes small very quickly as the distance between 
the spins increase, and thus for the calculation of exchange energy, the summation 
for only the nearest neighbor spins is taken into account. As mentioned earlier, a 
positive value of J leads to a ferromagnetic order in a solid whereas its negative 
value leads to the antiferromagnetic order. 
2.2.2 Zeeman energy 
The interaction energy of the magnetization with an external field is called 
the Zeeman energy. This part of energy of the ferromagnet is minimized when the 
magnetization (M) points in the same direction as the applied field (H), and 
maximized when M points exactly opposite to H. These two configurations 
correspond to stable and unstable equilibrium configurations for a ferromagnet in 
an external field. This energy is important because it is easily accessible from an 
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experimental viewpoint. The magnetization can be manipulated by using an 
external field via Zeeman interaction. The expression for the Zeeman energy is 
 ( )0 M Hzee extE µ= − ⋅  (2.5) 
2.2.3 Anisotropy energy 
A crystalline ferromagnetic solid may have an energetically favorable 
direction for magnetization. This direction depends on the crystal structure and 
symmetry and is determined by electrostatic interactions within the crystal lattice. 
The magneto-crystalline anisotropy is thus dependence of the equilibrium 
direction of M with respect to crystallographic directions. The favored directions 
of M are called “easy axes” of the ferromagnet, and the directions orthogonal to 
easy axes are called “hard axes” of the ferromagnet. The simplest form of 
magneto-crystalline anisotropy is uniaxial anisotropy, in which the ferromagnet 
has only one easy axis. The uniaxial anisotropy energy for an easy axis in the 
direction uk is given by 
 ( )21 m uk uani ani kE K  = − ⋅   (2.6) 
Here, u
aniK  is the uniaxial anisotropy energy constant and has the units of energy 
per unit volume, and m is the unit vector in the direction of magnetization. It is 
clear from the form of Eq. (2.6) that the uniaxial anisotropy is minimized when 
the m is parallel to easy axis.  
In a thin ferromagnetic film, a surface or an interface between two layers 
of a magnetic multilayer may also induce an anisotropy. In such a case, the 
10 
anisotropy constant has the units of energy per unit surface area, and the 
associated energy is written as 










where t is the thickness of the thin film ferromagnet. 
2.2.4 Demagnetizing energy 
A magnetized body has magnetic poles, and these poles interact with each 
other. The interaction is attractive and thus demagnetizing in nature. The energy 
associated with this interaction is called the demagnetizing energy (Edem), and is 
minimized when the interaction between poles is as small as possible. Thus, a 
magnetization configuration is stabilized when its poles are far apart, i.e., when it 
is magnetized along its geometrically longest dimension. The term shape 
anisotropy is also used to phenomenologically describe the effects of 
demagnetizing energy. A magnet has shape anisotropy towards its longest 
geometrical dimension, and thus prefers to align its magnetization along that 
direction. The exact calculation of Edem is not straightforward for an arbitrary 
magnetization configuration. If, however, the geometric shape of the 
ferromagnetic solid can be approximated to an ellipsoid, the Edem in the case of 
uniform magnetization can be written as  
 ( )0 ,
2
H M H N Mdem dem demE
µ
= − ⋅ = − ⋅  (2.8) 
Here, N is the demagnetizing vector, N = (Nx, Ny, Nz), such that Nx + Ny + Nz = 1 
and 1i iN l∝ , with li being length of corresponding semi-axis. In the work 
presented in this thesis, only thin ferromagnetic films have been used in 
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experiments. For a thin ferromagnetic film with a thickness in the z-direction 
much lesser than dimensions in the x and y-directions, N = (0, 0, 1). The 
demagnetizing energy in this case can be written as   




= ⋅  (2.9) 
  
 
2.3 Energy minimization 
The equilibrium direction of magnetization is such that the total energy is 
minimized. The total energy in the case of a thin film with uniaxial anisotropy can 
be written as  



















   = − ⋅ − ⋅ + − ⋅ + − ⋅




In the simplest case of a homogenously magnetized ferromagnet, the effect of 
energy due to exchange interaction needs not be considered. By taking the 
derivative of the sum of the remaining terms with respect to direction of m, we 











M M tµ µ
= + +  (2.11) 
In the equilibrium condition, the magnetization will point in the same direction as 
the effective field Heff. 
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2.4 Dynamic magnetization  
In a previous section, the motion of magnetization under the application of 
a magnetic field, i.e., Larmour precession was discussed. In reality, the 
magnetization dynamics in ferromagnetic solids is a little more complicated than 
isolated particles like electrons. The precessional motion of the magnetization is 
damped due to loss of energy within the ferromagnetic solid. Thus, the equation 
of Larmour precession is modified with an added energy loss term.  




αγ µ  = − × + × 
 
 (2.12) 
This equation (2.12) is called the Landau-Lifshitz-Gilbert (LLG) equation [7,8]. 
Here, α is a phenomenological parameter called the Gilbert damping constant.  
 
 
Figure 2.2.3  A schematic showing the relative direction of different vectors in 
the LLG equation. (a) Larmour precession of magnetization when there is no 
damping in the system. (b) The damping makes the magnetization relax along the 
direction of Heff. [9] 
 
Without the second term in right hand side of Eq. (2.12), the M will 
continue to precess around the direction of Heff forever. The second term 
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facilitates the equilibration of M in the direction of Heff via loss of energy. Figure 
2.3 shows the direction of the two components of the torque in the right hand side 
of Eq. (2.12). In the LLG equation, the relaxation of all components of M happens 
in same characteristic time. This may not be valid in certain contexts, for which 
the Bloch-Bloembergen formalism is used instead [10]. In this formalism, the 
time evolution of magnetization is expressed as 




x M y M z M
M M H x y zd
dt T T T
γ µ ⋅ ⋅ ⋅= − × − − −  (2.13) 
Here, T1 and T2 are characteristic relaxation times for the longitudinal and 
transverse components of the magnetization. It must be noted that Bloch-
Bloembergen formalism is valid only for small oscillations of M around Heff 
because for large oscillations, the Bloch Bloembergen equation does not conserve 
the magnetic moment. 
 
2.5 Resonance condition 
In the last section, we discussed that the magnetization of a ferromagnet 
precesses around the Heff. The frequency of these precessions is of the order of 
GHz. If the magnet is supplied energy in the form of an ac magnetic field (hrf) of 
GHz frequency, its magnetization will undergo a forced precession or oscillation. 
Like any oscillating system, the ferromagnet (along with Heff) also has its natural 
frequency called the resonance frequency (ωres), and if the frequency of hrf 
matches this frequency, the oscillations become very large. This condition of 
matching of the drive frequency and natural frequency is called resonance. The 
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resonance condition for a ferromagnetic system can be found by solving the LLG 
equation, which in general is not possible to be solved analytically. However, 
under the following simplifying assumptions about the ferromagnetic systems, it 
is possible to solve LLG equation. (1) – The applied external field (Hext) is 
homogenous (in the x-direction), (2) – the ferromagnet is uniformly magnetized, 
and (3) – The anisotropy (if present) is uniaxial, and (4), the hrf is applied in a 
direction perpendicular to the Hext (in the y-direction). Under these conditions, the 














    
= = ≈   
    
 (2.14) 
In this equation, χ  is called the dynamic susceptibility tensor. Since the hrf has 
only the y component, only yyχ  is important for us. It is a complex number with 
both real and imaginary parts. The real part of yyχ  determines the amplitude of 
the magnetization oscillation which is in-phase with applied hrf and is associated 
with dispersive magnetic response. The imaginary part is related to 90˚ out of 
phase oscillations and is associated with dissipative magnetic response. It 
represents loss of energy which is quantified by the Gilbert damping constant as 
discussed before.  
As shown in Fig. 2.4, the imaginary part of susceptibility shows a 
maximum for a certain value of frequency (ωres) and Heff. The relationship 
between ωres and Heff is given by the Kittel formula. 




Figure 2.4 Real (χ׳) and imaginary (χ׳׳) components of dynamic susceptibility of 
a ferromagnet. The real part corresponds to the oscillation in-phase with applied 
rf-magnetic field, and imaginary part corresponds to 90˚ out-of phase oscillations. 
At resonance, the real part is zero, so the oscillation is 90˚ out-of phase, and there 
is maximum absorption of energy. 
 
The linewidth of resonance (∆H), as shown in Fig. 2.4 is a measure of the strength 
of energy loss mechanisms in the ferromagnet and is related to the Gilbert 
damping constant by the following equation 
 
0 4H H fpiα γ∆ = ∆ +  (2.16) 
Here, ∆H0 is a constant, and is related to extrinsic mechanisms of energy loss, as 
discussed in the next section.  
 
2.6 Energy relaxation mechanisms in a ferromagnet 
In previous sections, we have discussed that the dynamics of a 
ferromagnet involves and energy loss term quantified by the Gilbert damping 
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constant, α. Here, we discuss the origin of the energy loss mechanisms in detail. 
These mechanisms are broadly classified into intrinsic and extrinsic mechanisms. 
The intrinsic mechanisms are basically loss of precessional energy to phonons and 
electrons, whereas the extrinsic mechanisms are the loss of energy to structural 
and compositional defects, as well as surface and nonlocal effects.  
2.6.1 Intrinsic damping 
There are two main mechanisms that give rise to intrinsic damping.  
(i) In metallic ferromagnets, the major contribution to intrinsic damping is 
by spin flip scattering of conduction electrons, caused by phonons and/or 
magnons. A conduction electron interacts with a magnon and flips its spin, while 
the magnon gets annihilated [12]. Since the energy of the magnon is much smaller 
than the difference in energy of initial (spin-up) and final (spin-down) states of 
the electron, the energy is not conserved in this interaction. The lost energy is 
carried by phonons and dissipated as hear in the ferromagnetic solid. This 
mechanism requires a high number of conduction electrons and therefore the 
metallic ferromagnets such as Nickel and Cobalt have much higher damping than 
the insulating ferromagnets such as Yttrium Iron Garnet (YIG).  
(ii) – The spin orbit coupling in a ferromagnet leads to the dependence of 
shape of the Fermi surface to the direction of magnetization [12]. As the 
magnetization changes its direction continuously (as in precessional dynamics), 
this dependence leads to breathing of Fermi surface [13]. In turn, the conduction 
electrons in the ferromagnets try to adapt to the changing Fermi surface. There is 
a phase difference between the magnetization precession and the variation of 
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Fermi surface and therefore, the process of electron’s adaptation to breathing 
Fermi surface is dissipative in nature.  
Among the two mechanisms discussed above, the (i) leads to a Gilbert 
damping proportional to resistivity of ferromagnet, whereas (ii) gives rise to 
Gilbert damping that is proportional to conductivity of ferromagnet [14]. Both of 
them require spin orbit coupling; in (i), the role of spin orbit coupling is to couple 
the spin up and spin down bands, so the magnon-electron scattering becomes 
possible [15]. In (ii), the spin orbit coupling moves the Fermi surface according to 
movement of magnetization. 
2.6.2 Extrinsic damping 
The most important extrinsic contribution to the damping comes from 
two-magnon scattering, which is aided by structural defects [16,17]. The two 
magnon scattering is the process in which a magnon corresponding to a uniform 
precession (k = 0) is annihilated and a magnon with k ≠ 0 is created. It is 
important to note that a magnon with k = 0 can couple to a magnon with k ≠ 0 
only when they have same energy, i.e., the same frequency. This is possible when 
the Heff felt by these two magnons are different. A ferromagnet with structural 
defects has regions with different values of Heff, which is essential for two-
magnon scattering [16,17]. The damping contributed by two-magnon scattering 
process is not Gilbert-like, i.e. it is not proportional to frequency [16]. 
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2.6.3 Nonlocal damping 
A precessing ferromagnet also loses its energy in the form of spin current 
to a non magnetic material in its vicinity. This process is called spin pumping, and 
will be discussed in detail in the next chapter [2,18]. The loss of precessional 
energy due to spin pumping can be seen as an enhancement in the effective 
Gilbert damping [2]. Nonlocal damping is one of the central concepts of the work 
presented in this thesis. 
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Chapter 3 Spin pumping  
 
Spin pumping is a process in which a precessing magnetization of a 
ferromagnet (FM) gives rise to a spin current towards a non magnetic material 
(NM) lying adjacent to it. [2] It is very interesting since it creates a very large 
density spin current which is not possible by any other method. For example, In a 
device geometry used in this study, the spin current density is about 1025 in units 
of reduced Planck’s constant ( ℏ ). This spin current density is almost uniform 
over an area covered by waveguides (~ 0.1 mm2). At such a large area, spin 
injection with an input current of 1 mA can produce less than 1023 ℏ  spin current. 
Many experiments involving spin pumping utilize the generated spin current for 
studying the spin Hall effect in the non magnetic material [5,19,20], which will be 
discussed in detail in the next chapter. For now, we only need to note that the spin 
Hall effect is a process of interconversion between spin and charge currents. Spin 
pumping was conceptualized by Berger in 1996 [21], when he described spin 
pumping as a reciprocal effect of spin transfer torque. In spin transfer torque, a 
spin current sent to a FM generates a precession of magnetization, whereas, in 
spin pumping, a precessing magnetization gives rise to a spin current from the FM. 
The effect was studied in FM/NM heterostructures where a broadening of the 
linewidth of ferromagnetic resonance was observed [3,4]. The reason behind this 
broadening was not understood well until Tserkovnyak et al. developed a detailed 
theoretical understanding of spin pumping [2,18]. Spin pumping is a major 
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concept involved in the works described in this thesis, so we dedicate a chapter to 
explain it thoroughly. In this chapter, we will give a comprehensive overview of 
spin pumping. We will first discuss some basic concepts, and then discuss the 
spin transfer torque and move on to the studies of spin pumping in detail.  
3.1 Basic concepts 
To understand spin transfer torque and spin pumping, we first need to 
understand the basic concepts of spin accumulation and spin mixing conductance. 
The following sub-sections give an overview of these ideas. 
3.1.1 Spin accumulation 
Spin accumulation is also called spin bias (VS), and is defined as the 
electrical potential difference between spin up and spin down electrons. It can be 
written mathematically as 
 ( )12V nSe µ µ↑ ↓= −  (3.1) 
Here, e is the electronic charge, n is the direction of net spin accumulation, and µ↑ 
and µ ↓ are chemical potentials defined in terms of Helmholtz free energy F and 








A FM has a built-in spin imbalance, which is aligned in the direction of its 
magnetization. In a NM, spin accumulation can be created artificially by creating 
a disproportion between populations of spin up and spin down electrons. For 
example, if a NM is attached with a FM, there is a spin imbalance in NM due to 
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diffusion of electrons across the interface. This spin accumulation is small and 
extends only to a small distance in the NM. Since this imbalance in the normal 
metal exists even when the magnetization is static (or dc), it is also known as the 
dc part of spin imbalance in the NM. If the magnetization of the FM is precessing, 
there is an additional ac component of spin imbalance which needs to be 
considered apart from the dc contribution. Our study of spin pumping basically 
takes into account this ac component of spin potential in the NM. Figure 3.1 
shows the schematic of dc and ac spin accumulation in NM in vicinity of a FM. 
 
 
Figure 3.1 Spin imbalance in a nonmagnetic material in vicinity of a ferromagnet. 
If the magnetization is static, the spin accumulation in the nonmagnetic material is 
d cµ∆ , whereas if there is a magnetization dynamics, there is an extra spin 
accumulation acµ∆ . 
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3.1.2 Spin mixing conductance 
The electrical conductivity is the ability of a material to allow passing 
charge currents through them. When there is a net spin transport with the charge 
current, the conductivity can be dependent on spins of electrons. In FM/NM 
heterostructures, this spin dependence of conductivity is described in terms of the 
spin mixing conductance. It can be understood as follows. 
In a FM/NM heterostructure, a spin accumulation is generated in the NM 
near the interface with the FM. The spin current induced by this spin 
accumulation can be written in terms of the potential difference applied, 













Here, g↑↑ and g↓↓ are the spin dependent conductance, which characterize the case 
when the polarization of the spin current (σ) across the FM/NM interface is 
parallel or antiparallel to the spin accumulation in the NM (VS). g↑↓ and g↓↑ are 
used when VS is not collinear with the σ. The spin accumulation due to the 
dynamic magnetization as discussed above is also discussed in terms of g↑↓ and 
g↓↑. 
 
3.2 Reciprocal of spin transfer torque 
Spin transfer torque (STT) refers to the torque that a spin polarized current 
exerts on the magnetization of a ferromagnet. To understand this effect, we 
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consider a spin current IS applied to a ferromagnet. As depicted in Fig. 3.2, the 
transverse component of this spin current given by 
( ) ( )( )I I m m m m IS S S− ⋅ = − × × , is absorbed by the ferromagnet [22]. Thus, the 
ferromagnet gains angular momentum from the IS, which is shared by the total 
magnetic moment (MsV) of the ferromagnet, with V being its volume. The torque 
exerted by spin currents can thus be written as  
 ( )( )m m ISTT S
sM V
γ




Figure 3.2 The spin current applied to a ferromagnet loses its transverse 
component to the magnetization of the ferromagnet. By a law of conservation of 




Thus, the LLG equation can be modified to include the effects of STT. 




dt M dt M V
α γγ µ  = − × + × − × × 
 
 (3.5) 
The IS is most commonly a charge current which is spin polarized, which is 
usually created by applying a bias to a FM1/NM/FM2 trilayer [22-24]. The charge 
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current becomes spin polarized as it passes through FM1 and when it reaches FM2 
through the NM, it exerts a STT on FM2 and induces oscillations or reversal of the 
magnetization of FM2.  
3.2.1 STT at a FM/NM interface 
The spin current at the FM/NM interface has one longitudinal (parallel to 
direction of magnetization of M) and two transverse components (perpendicular 
to direction of magnetization of M). Brataas et al. simplified the expression for 
these three components [25] – 
1) A component in a direction parallel or antiparallel to the spin 
accumulation, VS in the NM. 
2) A component perpendicular to VS, and in the plane of m and VS, i.e., in the 
direction of the vector ( )m m VS× × . 
3) A component perpendicular to both m and VS, i.e., in the direction parallel 
to the vector m VS× .  
The first component (longitudinal component) does not contribute to the spin 
transfer torque, only the second and the third components (transverse 
components) do. The transverse components dephase inside the ferromagnet due 
to the exchange field and thus, are not continuous across the FM/NM interface. 
On the NM side of the interface, the transverse spin current component was 
shown by Brataas et al. to be [25] 
 ( )( ) ( )2 2I m m V m VS S SN r ig g↑↓ ↑↓⊥ = − × × − ×  (3.6) 
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Here, gr and gi are real and imaginary part of the spin mixing conductance. As 
discussed earlier, these transverse components give rise to torque which can be 
written as 





τ ↑↓ ↑↓ = − × × + ×   (3.7) 
The first term is a torque like term called the Slonczewski torque [22], and the 
second term acts as an effective field on m. In a metallic system, gr is much larger 
than the gi, so the Slonczewski term is dominant in the spin transfer torque. 
3.2.2 Spin pumping 
Since spin currents can exert a torque on the magnetization and induce 
precession, it is conceivable that a reverse process, i.e., generation of spin currents 
by magnetization precession is also possible. In fact, it was as early as the 1970’s 
when Janossy et al. and Silsbee et al. predicted a coupling between a dynamic 
magnetization and spin accumulation in adjacent non magnetic material [1,26]. 
The theoretical understanding of this coupling was achieved much later by 
Tserkovnyak et al. using scattering theory based on the idea of adiabatic quantum 
pumping [2].  In this process, a pure spin current is generated and pumped out of 
the ferromagnet to a non magnetic material in its vicinity. As discussed below, 
this “spin pumping” is associated with a loss of angular momentum and 
precessional energy by the ferromagnet which appears as an enhancement in 
Gilbert damping α. The density of this pumped spin current is given by 
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In the equation (3.8), rg↑↓  and ig↑↓ are the real and imaginary parts of the spin 
mixing conductance and are properties of the NM/FM interface. The pumped 
spin is absorbed by the non magnetic material, and leads to a permanent loss of 
angular momentum by the ferromagnet, which can be expressed as a torque acting 
on its magnetization, τ = - IS. Thus, the LLG equation taking into account spin 
pumping effect is 
( )0 24
M M M MM H M Mr i
s s
d d d dg g
dt M dt M V dt dt
α γγ µ
pi
↑↓ ↑↓    
= − × + × + × +    
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ℏ
 (3.9) 
As discussed before, ig
↑↓
 is much smaller than rg
↑↓
, and thus the last term in the 
right hand side of Eq. (3.9) can be neglected. Interestingly, the form of the term 
containing rg
↑↓
 is the same as that of the Gilbert damping term ( MM d
dt
×  ). 











∆ = ℏ  (3.10) 
3.2.3 Spin backflow at the FM/NM interface 
In the discussion of spin pumping so far, it was implicitly assumed that the 
NM is a perfect spin sink, and the spin current pumped by the precessing M of the 
ferromagnet is completely absorbed by the NM. However, if the NM is a poor 
spin sink, the spin current will only be partially absorbed and partially diffuse 
back to the FM. In the presence of spin flip scattering in the NM, the backflow of 
spin current was shown by Tserkovnyak et al. to be proportional to the pumped 
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spin current and can be written as ( )I Iback pumpS r Sgβ ↑↓∼ , and the net spin current 
across the interface is I I Ipump backS S S= − .  
 
3.3 Measurement schemes 
Spin pumping has been studied extensively in the past years. Most of the 
experimental studies focused on the enhancement of Gilbert damping as an 
evidence of spin pumping [2,3]. Later, Saitoh et al. detected the pumped spin 
current as an electromotive force via the inverse spin Hall effect [5,19]. The 
inverse spin Hall effect is basically the conversion of spin currents to charge 
currents and will be discussed in detail in the next chapter. 
3.3.1 Enhancement of Gilbert damping 
As discussed before, the spin pumping effect leads to an apparent 
enhancement of Gilbert damping. We also discussed that the linewidth of 
ferromagnetic resonance (FMR) contains information about energy relaxation 
mechanisms in a FM. In fact, the linewidth is proportional to Gilbert damping, 
therefore, spin pumping can be detected by comparing the linewidth of FMR in a 
ferromagnet without and with an adjacent non magnetic material. Figure 3.3 
depicts an enhancement in the FMR linewidth due to spin pumping. It must be 
noted that a frequency dependence of linewidth must be measured to ensure that 
the damping is Gilbert-like. The linewidth is linear as a function of frequency for 
Gilbert-like damping, and a constant for damping due to two-magnon scattering. 
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Thus, the frequency dependent measurements can eliminate the two-magnon 
contribution to Gilbert damping. 
 
Figure 3.3 (From the study presented in chapter 5 in this thesis) A typical 
example of FMR measurement in the presence of spin pumping. The FMR 
linewidth of a Bi2Se3/Py film is higher than that of a bare Py film. This is because 
of loss of precessional energy from Py to Bi2Se3. 
 
It is, however, possible that the damping of a ferromagnet increases in the 
presence of a non magnetic material by another mechanism. The non magnetic 
material may give rise to additional spin orbit coupling at the FM/NM interface, 
which increased intrinsic Gilbert damping by the mechanisms discussed in 
Chapter 2. The spin orbit effects of an adjacent material may be very significant 
in the case where the FM is thin (< 3-4 nm).  
3.3.2 Inverse spin Hall effect 
Another popular spin pumping experiment is the detection of the spin 
current as an electromotive force. This type of experiment confirms the results 
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obtained by FMR linewidth measurements because of the possibilities of artifacts 
discussed at the end of section 3.3.1. For this kind of measurement, it is important 
to have the non magnetic material which has high spin orbit coupling. Spin orbit 
coupling is the coupling between charge and spin currents and will be discussed 
in detail in the next chapter. The essential point to note for now is that typically 
heavy metals, or compounds of heavy metals can be expected to have strong spin 
orbit coupling. Such materials can convert spin currents to charge currents 
efficiently, and thus assist in detection of the pumped spins as an electromotive 
force. This conversion of spin to charge currents is called inverse spin Hall effect 
(ISHE). Figure 3.4 shows a typical signal in spin pumping induced ISHE 
measurements. The peak and dip in signal correspond to resonance conditions in 
different polarities of the applied magnetic field.  
 
Figure 3.4 A typical example of spin pumping induced ISHE measurement. Spin 
current is pumped from the FM (Py) to the NM (Bi2Se3) and is detected as charge 
currents due to ISHE in Bi2Se3. At resonance (~170 Oe for 4 GHz in this figure), 
the precessional angle becomes large, and thus the amount of pumped spin current 




It is possible for the ferromagnetic layer to contribute to the signal in such 
measurements due to the anisotropic magnetoresistance (AMR), and give rise to 
artifacts. Such artifacts can be taken care of in two ways  
1) Angular dependence of the signal is different for spin pumping induced 
ISHE as compared to the signal from AMR of a ferromagnet 
2) A control sample with no heavy metal layer can be measured, and if 
negligible signal is found, it can be inferred that ISHE signals are not 
contaminated by AMR 
Figure 3.4 also shows the signal from a control sample (with only a ferromagnetic 
Py layer), and indeed the signal from the control sample is negligible. 
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Chapter 4 Spin orbit coupling 
 
Spin orbit coupling refers to the interaction between the spin of the 
electron and its motion. The earliest identification of such an interaction was the 
electromagnetic interaction between the spin of an electron and the magnetic field 
generated by its orbital motion around an atomic nucleus. Such an interaction 
leads to a splitting of spectral lines of the atom. However, in the context of the 
study presented in this thesis, we will not focus on the atomic manifestation of 
spin orbit coupling, but its macroscopic effects in a solid. In recent years, spin 
orbit coupling in ferromagnetic multilayers has become a very important field of 
study because of possible technological applications. In particular, highly efficient 
switching of a ferromagnet by using only a charge current is possible because of 
spin orbit coupling in these multilayers. This chapter begins with an introduction 
to spin orbit interaction using quantum mechanical and relativistic arguments. We 
will then describe the most important effects of spin orbit coupling in a solid, 
namely, the spin Hall effect, the anomalous Hall effect, the Rashba effect, and the 
Dresselhaus effect. In all these phenomena, a spin current or an effective magnetic 
field can be generated just from a charge current. We will also discuss the origin 
of topological insulators, which are a new class of materials that are insulating in 
their bulk, but have peculiar spin dependent conducting properties at their surface. 
The strong spin orbit coupling in these materials is the root cause of these surface 
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states. The spin Hall effect and its inverse, in particular, are relevant to most of 
the work presented in this thesis.  
 
4.1 Dirac equation and atomic spin orbit interactions 
The Dirac equation is obtained by making relativistic corrections to the 
Schrodinger equation and linearizing it. The Schrodinger equation for an electron 




Ap peH e H i i
c t
ψ ψ ϕψ ∂ = − + = = − ∇  ∂ 
ℏ ℏ  (4.1) 
where A is the vector potential, φ is the scalar potential, e and m are charge and 
mass of electron respectively, and c is the speed of light. The right hand side of 
Eq. (4.1) corresponds to the kinetic energy of the electron and is valid only for 
non-relativistic speeds of the electron. If the speed of the electron is very high, the 
Schrodinger equation takes the form ( ) ( )( )2 2 2 40p AH e c e m cϕ ψ ψ− = − + , which 
can be factorized and written as 
( ) ( )2 2 0p A p AH e c e mc H e c e mcϕ α β ϕ α β ψ   − − ⋅ − − − + ⋅ − + =     (4.2) 
If it is assumed that the kinetic and potential energy of the electron are small 
compared to mc2, the equation can be approximated to get the Dirac equation. 
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 (4.3) 
The last term in the above equation describes an energy term which depends on 
the spin (σ) and motion (p) of the electron. This interaction between spin and 
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motion of a particle is called the spin orbit interaction. The first example of the 
effects of this interaction was the fine splitting of spectral lines of atoms, because 
of a small shift in energy levels of atomic electrons depending on the relative 
orientation of their spin and angular momentum. In this thesis, we will not be 
concerned with the atomic effects of spin orbit coupling but its more macroscopic 
manifestations in solid state systems. The role corresponding to the orbital 
momentum in atoms of solids is played by the net linear motion of electrons in the 
form of electric current when a potential difference is applied across the solid. 
 
4.2 Spin Hall effect and anomalous Hall effect 
Recall that the Hall effect refers to the phenomenon in which a voltage is 
produced in a conductor, transverse to the current passing in the conductor, in the 
presence of an external magnetic field. The reason for this transverse voltage is 
the Lorentz force that the moving electrons experience in a magnetic field. The 
spin Hall effect (SHE) [27,28] refers to the generation of a transverse spin voltage 
across a current carrying conductor. Spin voltage means the difference in the 
chemical potential of spin-up and spin-down electrons, and generates a spin 
current in transverse direction leading to a spin accumulation on the transverse 
edges of the conductor. The polarization of these accumulated spins is 
perpendicular to both the direction of spin and charge current, and this fact can be 
expressed as the following equation 
 ( )c sh sJ Jθ σ= ×  (4.4) 
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where Jc, Js, and σ are the charge current, spin current, and spin polarization, 
respectively. It must be noted that unlike the classical Hall effect, a magnetic field 
is not required for the spin Hall effect. θsh is the spin Hall angle, and is a measure 
of the strength of interconversion of spin and charge currents. The inverse of this 
process is called the inverse spin Hall effect (ISHE) [5,29], in which a spin 
current gets converted to a charge current that is transverse to both the spin 
current and spin polarization.  
 
Figure 4.1  (a) A schematic illustration of spin Hall effect, and (b) inverse spin 
Hall effect. In the presence of spin orbit coupling, electrons in a charge current get 
scattered in different directions depending on their spins giving rise to a 
transverse spin current. Conversely, a spin current gives rise to a charge current 
due to spin orbit coupling [30].  
 
In a ferromagnet the charge current is intrinsically spin polarized, which 
means that a charge current always accompanies a spin current and vice versa. 
Thus the spin Hall effect in a ferromagnet gives rise to a charge voltage transverse 
to the current applied to it. This is called the anomalous Hall effect (AHE) [31]; 
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its name signifies its phenomenological similarity to the classical Hall effect and 
the fact that voltage produced by AHE is very large (a few hundred times) 
compared to the classical Hall effect.  
Based on the mechanism of their origin, SHE is broadly classified into 
intrinsic and extrinsic spin Hall effects. In the following sections, we discuss the 
mechanisms which give rise to SHE. 
4.2.1 Intrinsic spin Hall effect 
An intrinsic mechanism for the spin Hall effect is the generation of 
transverse spin dependent velocity of an electron by the band structure of the 
material first described by Karpus and Luttinger in 1954 [32]. The strength of this 
mechanism is proportional to spin orbit polarization near the Fermi level [33]. 
Thus this mechanism is dominated by the parts of the band structure where the 
Fermi level lies inside the spin orbit split gap. In case of Pt and Pd, this 
corresponds to L and X points in the band structure near the Fermi level. The θsh 
due to intrinsic mechanisms is proportional to the resistivity of the material, and 
in case of metals, it can be expected to decrease as the temperature decreases.  
4.2.2 Extrinsic spin Hall effect 
Extrinsic mechanisms for spin Hall refer to spin dependent scattering of 
electrons from impurities, defects, and phonons. The two major scattering events 
that lead to the spin Hall effect are skew scattering and side jump. In skew 
scattering, electrons acquire a spin dependent transverse velocity after scattering, 
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whereas in side jump, electrons just get displaced in transverse directions 
depending on their spins. 
Skew scattering – It is also called Mott scattering [34,35], and was first 
proposed by Smit in 1958 [36]. The spin orbit coupling results in an effective 
magnetic field gradient in the plane of scattering resulting in a force which pushes 
different spins in different directions. The magnitude of SHE due to skew 
scattering is proportional to the contrast between the spin orbit coupling of the 
impurity (scattering center) and the host. Thus, heavy elements impurities in a 
light element host, or vice versa are expected to result in a large SHE. The spin 
Hall angle, θsh due to skew scattering is independent of the resistivity of the 
material, and thus does not show any temperature dependence.  
Side jump scattering – This mechanism for SHE was proposed by Berger 
in 1970 [37] when he explained that a side jump occurs due to spin dependent 
acceleration of electrons during scattering. It is phenomenologically described as 
a result of an effective magnetic field gradient in direction of incoming and 
outgoing electrons. This differential acceleration of different spins results in an 
effective flow of spin current in transverse direction. Side jump scattering results 
in a θsh proportional to the impurity concentration [38]. Thus, at very high 
concentration of impurities, side jump scattering may dominate the overall θsh. 
Experimentally, it has been observed that side jump scattering indeed dominated 
in gadolinium alloys with various rare earth elements when the impurity 
concentration was higher than 5% [39]. 
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4.3 Rashba and Dresselhaus effects 
The spin orbit coupling along with structural asymmetry in a solid gives 
rise to more interesting phenomena such as Rashba and Dresselhaus effects. The 
Rashba effect arises due an interfacial asymmetry, whereas the Dresselhaus effect 
originates from the bulk asymmetry of non-centrosymmetric crystals. 
The Rashba effect is a momentum dependent splitting of spin up and spin 
down bands, and is a consequence of the combined effects of spin orbit coupling 
and asymmetry in the electrostatic potential experienced by the electron [40]. It is 
represented by the following Hamiltonian.  
 ( ) ˆp zRH α σ= × ⋅  (4.5) 
where α is the Rashba coefficient and zˆ  is the direction of asymmetry of the 
potential. The Rashba effect can be explained in a simple picture as follows. The 
asymmetric interface gives rise to a space dependent potential as seen by the 
electron. This potential gradient (or, equivalently, electric field) appears as a 
magnetic field in the reference of a moving electron. The apparent magnetic field 
can be explained by relativistic transformation of electromagnetic fields in 
different inertial frames which are moving with respect to each other. The 
apparent magnetic field acts differentially on the spin of electrons, thus giving rise 
to spin split energy bands. Figure 4.2 (a) shows the apparent magnetic field due to 




Figure 4.2 (a) A representation of apparent magnetic field as a function of 




The Rashba effect in ferromagnetic heterostructures has become an 
extremely interesting topic of research because of possible technological 
applications. In particular, the Rashba effect in ferromagnetic heterostructures, 
together with the spin Hall effect provides the opportunity of switching the 
magnetization just by a charge current [41,42]. Such current induced switching is 
of immense importance in novel logic and memory applications based on 
spintronics. The Rashba effect allows the control of spin states of electrons 
through an electric field rather than magnetic fields. The holy grail of spintronics, 
the spin field effect transistor (spin FET), is based on this idea [43]. Figure 4.3 
shows a schematic of spin FET. 
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Figure 4.3 A schematic representation of spin field effect transistor proposed by 
Datta and Das. The gate electrode can be used to manipulate the spins in the 
2DEG channel via Rashba effect. 
 
The Dresselhaus effect is similar to the Rashba effect as it also arises due 
to asymmetric potential experienced by moving electrons. The distinction 
between these two phenomena is that while the Rashba effect comes from 
asymmetry at a surface or interface, the Dresselhaus effect is a result of bulk 
inversion asymmetry of the crystal structure [44]. A simple linearized 
Hamiltonian for the Dresselhaus effect can be written as follows 
 ( )D x x y yH p pβ σ σ= − +  (4.6) 
The effective magnetic field corresponding to the Dresselhaus effect as a function 
of electron’s momentum components is shown in Fig. 4.2 (b) 
 
 
4.4 Topological surface states 
One of the most interesting consequences of spin orbit coupling in solid 
state systems is the topological insulators. The topological insulators (TIs) are the 
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materials which are electrically insulating at the bulk but their surfaces (or edges) 
have peculiar spin dependent conduction properties. In a normal semiconductor or 
insulator, the p-bands bend downwards and the s-bands bend upwards near the 
surface, so the conduction and the valence bands never cross. However, if the 
band structure is inverted, this bending may lead to crossing of bands forming 
conducting states near the surface. These surface states have interesting quantum 
properties such as absence of backscattering and spin momentum locking. Spin 
orbit coupling in some materials indeed allows the inversion of band, thus giving 
rise to surface states, thus topological insulators.  
The surface states are topologically protected, which in simple words 
means that the “twisting” of bands which leads to abovementioned band inversion 
cannot be unwound like that in a Möbius strip (see Fig. 4.4). 
 
 




The bulk of these materials are similar to that of an ordinary insulator or 
semiconductor, such that the Fermi level lies between the conduction and valence 
bands. But at surface, TIs have special states that fall within the bulk band gap, 
and give rise to metallic conduction on the surface. 
4.4.1 2D topological insulators 
2D TIs conduct at edges and are insulating in their “bulk”. In 2006, it was 
predicted that mercury telluride (HgTe) quantum wells are a TI beyond a critical 
thickness of 6.5 nm [46].  
 
 
Figure 4.5  HgTe quantum wells are 2D TIs. The behavior of a HgTe quantum 
well sandwiched with CdTe is determined by the thickness of the HgTe layer. The 
blue and red curves show the potential-energy experienced by electrons in the 
conduction band and the holes in the valence band, respectively. For quantum 
wells thinner than 6.5 nm, the energy of the lowest energy conduction subband, 
labeled E1, is higher than that of the highest-energy valence band, labeled H1. But 
for thickness more than 6.5 nm, these bands are “inverted”. [47]. 
 
In most of the semiconductors, the conduction band and valence bands are 
formed from the s orbitals and p orbitals respectively. In HgTe, however, the spin-
orbit coupling is so large that the bands are inverted-that is, the p-orbital 
dominated valence band is pushed above the s-orbital dominated conduction 
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band. HgTe quantum wells are grown by sandwiching a HgTe layer between 
CdTe layers, which has a similar lattice constant, but very weak spin orbit 
coupling and a normal ordering of bands. If the thickness of HgTe layer is very 
small, the CdTe dominates the band structure and the bands have a normal 
ordering. However, as the thickness of HgTe increases beyond 6.5 nm, the spin 
orbit coupling from HgTe begins to dominate and the band structure becomes 
inverted. Figure 4.5 illustrates this idea, and it was verified experimentally one 
year later [48]. 
4.4.2 3D topological insulators 
The 2D TIs were simply generalized to the 3D and the role of the edge 
state of 2D systems was generalized to surface states of 3D TIs. The 3D TI was 
first realized in Bi1-xSbx alloys [49,50]. Soon other materials like Bi2Te3, Bi2Se3, 
and Sb2Te3 were also predicted to be 3D TIs [51]. The surface states in Bi2Se3 
were observed by angle resolved photo emission spectroscopy (ARPES). As 
shown in Fig. 4.6, the surface states have a linear dispersion.  
 
Figure 4.6  The ARPES plot of energy as a function of wavenumber shows linear 
dispersion in surface states of TIs [52]. 
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Further spin resolved ARPES measurements showed that the spin of 
electron in surface states was always perpendicular to its momentum [49]. Similar 
to HgTe, the mechanism involved in Bi2Se3 and Bi2Te3 TIs is band inversion due 
to strong spin orbit coupling.   
4.4.3 Possible applications 
The topologically protected surface states (or edge states) in TIs make 
them very promising for novel applications. These states have been proposed to 
be used in interconnects for integrates circuits and in highly efficient 
thermoelectrics. Due to strong spin orbit coupling, they can also be used in 
functional spintronic devices, such as a spin detector. In one of the studies 
presented in this thesis, we have explored the possibility of using TI as a spin 
detector by the inverse spin Hall effect. 
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Chapter 5 Experimental methods 
 
This chapter presents a brief overview of the experimental procedures that 
were used for the research presented in this thesis. In the first section, we briefly 
describe the techniques used for sample preparation, and in the second part of the 
chapter, we discuss the measurement methods that were used to characterize the 
samples. We have mainly used the ferromagnetic resonance (FMR) measurements, 
for the evaluation of Gilbert damping and spin pumping induced ISHE 
measurements to quantify spin Hall angles in non magnetic materials. 
 
5.1 Sample fabrication 
The samples were prepared by sputter deposition and patterned by 
photolithography, either using a liftoff method or by dry etching. In the following 
sections, we describe these techniques in detail. 
5.1.1 Sample preparation 
The devices are made on Si substrates with a naturally grown oxide of 300 
nm thickness. First, the substrates are diced into 1×1 cm2 pieces, and then cleaned 
before the fabrication process. The substrates are cleaned using an Ozone stripper 
at a temperature of 150˚ C for twenty minutes to remove all the organic 
contaminants from their surfaces. After that, the substrates are cleaned using 
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acetone inside an ultrasonic bath for fifteen minutes, and then using isopropanol 
for ten minutes. De-ionized water is used to wash the substrates finally and then 
blow-dried using nitrogen gas. 
5.1.2 Sputter deposition 
For the work presented in this thesis, thin films and contacts for the 
devices were deposited by using magnetron sputtering. In this process, the target 
material is bombarded by high energy particles such that atoms are ejected from a 
target and fly towards a substrate to form thin films. Sputtered films have 
excellent uniformity in terms of density and purity, and thus this technique is 
widely used in academic research as well as in industries. Another advantage of 
sputter deposition process is that it can be applied even to materials with very 
high melting points. A schematic of the sputtering deposition is shown in Fig. 4.1.  
 
Figure 5.1 The schematic of sputtering process for thin film deposition. Ar+ ions 
bombard the surface of target and the ejected particles fly to the substrate forming 
a thin film. 
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The target of the material to be deposited and the substrate onto which 
deposition is to be done are placed inside a vacuum chamber. An inert gas such as 
Ar is flown into the chamber and a strong voltage is applied to the target, causing 
ionization of Ar atoms (Ar  Ar+ + e-). The Ar+ ions then bombard the target 
surface ejecting target atoms, which traverse through the chamber and deposit 
onto the substrate forming a thin film. These ions also generate secondary 
electrons which results in the formation of more ions and sustain the process of 
sputtering inside the vacuum chamber. Initially, a large amount of Ar is flown 
into the chamber, but once enough ions have been generated and sputtering 
process has started, the Ar flow rate is adjusted to control the properties of the 
thin film.  
The sputtering technique can be utilized for metals and alloys as well as 
insulating materials such as oxides or nitrides. However, a dc voltage applied to 
an insulating target leads to a buildup of charge accumulation on the target 
surface which causes the Ar+ plasma to die off. To avoid the charge buildup, a 
radio frequency (RF) voltage is used instead of a dc voltage. The disadvantage of 
RF-sputtering is that it provides very slow deposition rates compared to that of the 
dc-sputtering. 
The sputtering machine utilized for the study in this thesis has the base 
pressure maintained at less than 1×10-8 Torr. The typical pressure of Ar in the 
chamber during the deposition is 3×10-3 Torr. 
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5.1.3 Photolithography 
Photolithography is a technique used for patterning thin films. In this 
method, a hard mask (known as a photomask) pattern is transferred to the 
substrate covered with a photosensitive material called a photoresist. UV light 
passes through the photomask onto a substrate and changes the chemical 
properties of the photoresist in the areas exposed. The substrate is then dipped 
into a chemical which dissolves the exposed (or unexposed) parts of the positive 
(negative) photoresist. This process is called development of the pattern. After 
photolithography, etching or deposition can be used to create films with the same 
patterns as that in the photomask. Then, deposition of a new material can be 
carried out in these patterns. Conversely, by etching, these patterns can also be 
engraved on pre-deposited films.  
5.1.4 Dry etching  
Etching is the process of removal of unprotected parts of a thin film to 
create a desired pattern. The unprotected regions here refer to the parts of the 
films which are left exposed after photolithography. Etching can be a wet process, 
in which the substrate is dipped in an etching chemical or a dry process, in which 
high energy ion beams are used to mill the films. For the works presented in this 
thesis, dry etching with Ar+ ions is used. The substrate is mounted inside a 
vacuum chamber and a high voltage is applied to it. Ar gas is flown into the 
chamber, which get ionized and get accelerated towards the substrate. The 
bombardment of these high energy ions on the substrate leads to removal of the 
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film material. The typical etching rate of materials by Ar+ ion etching is a few 
tens of nanometers per minute.  
The Ar+ ion milling machine used for the works in this thesis is also 
equipped with secondary ion mass spectroscope (SIMS) which can be used to 
detect the composition of the surface being etched. SIMS is used to judge the 
thickness of a particular layer in a multilayer film, so that process could be 
optimized in terms of etching time. During ion milling, the photoresist may be 
burned due to heat generated by bombarding ions. To avoid this problem, the 
power of the ion beam is controlled and low beam current (45 mA) is used. 
Milling is never continuously done for more than 15 seconds, and if the total 
etching process is longer than 15 seconds, it is carried out in a few steps with a 2 
minutes break in between to allow the sample to cool down. 
5.1.5 Patterning techniques 
Lift-off method – In the lift-off method, the substrate is first coated with 
the photoresist and a pattern from a photomask is transferred to the substrate 
using photolithography. A thin film is then deposited onto the substrate, for 
example, by sputtering. Thereafter, the substrate is dipped in acetone which 
washes away the photoresist, and the substrate is left with a patterned film. The 
washing away of the photoresist is called lift-off. Figure 4.2 illustrates the lift-off 
method of patterning. 
Subtractive method – In the subtractive method, a uniform film is first 
deposited onto the substrate and then it is coated with the photoresist. After 
photolithography, certain parts of the film are exposed and others remain 
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protected depending on the patterns in the photomask used. The exposed parts are 
then removed using etching, and we are left with the pattern protected by the 
photoresist. The substrate is then immersed in acetone which washes away the 
photoresist. Figure 4.3 shows the schematic representation of subtractive method 
for patterning. 
 




Figure 5.3 An illustration of the steps involved in the subtractive method for 
patterning. 
50 
5.2 Measurement methods 
For spin pumping works, we have performed inverse spin Hall effect 
(ISHE) measurements as well as ferromagnetic resonance (FMR) measurements 
in our devices. We have also utilized spin torque ferromagnetic resonance 
measurements to characterize the spin Hall effect in Tantalum. We will describe 
the details of these measurement methods in the following sections. 
5.2.1 Spin pumping induced ISHE measurements  
The spin pumping devices used in this thesis consists of a ferromagnetic 
layer (FM) adjacent to a non magnetic layer (NM) and asymmetric coplanar 
waveguides (ACPS) as shown in Fig. 5.4. The ACPS is electrically isolated from 
FM/NM layers through an oxide. For spin pumping induced ISHE measurements, 
the device is placed between the poles of an electromagnet to align the direction 
of the magnetization of FM. 
 
 
Figure 5.4 A schematic of the spin pumping device structures used in this study. 
A microwave signal is sent to the ACPS, which generates a precession in the 
ferromagnet. The resulting spin current “pumps” towards nonmagnet, and is 
detected across electrical pads via ISHE. 
 
 
A microwave signal is applied to the ACPS using a signal generator, 
which induces an oscillating magnetic field to the FM layer of the device. This 
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results in a precession in the magnetization of the magnetic layer which in turn 
induces a spin current across the NM/FM interface towards the NM. . The 
precession amplitude can be calculated using the LLG equation (Eq. 2.12). For 
the case corresponding to device geometries used in this thesis, i.e., a dc bias field 
Hb in y direction, and an ac field h in x direction, the x and y components of M can 
be derived as 
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Here, γ is the gyromagnetic ratio, α is the Gilbert damping constant and ω 
is the angular frequency of magnetization precession. The precession described by 
equations (5.1) and (5.2) give rise to a spin current across the NM/FM interface. 
From the theory of spin pumping, the dc-component of this spin current is 
expressed as 
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The spin current injected into NM layer decays along its thickness due to 
spin relaxation as 
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 The spin current in the NM gets converted to a transverse charge current 
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This charge current is then detected as an electromotive force across the 
FM/NM layers using a Keithley nanovoltmeter. From equations (5.4), (5.5) and 
(5.6), one can obtain this electromotive force as 
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Here, R is the resistance of the device, e is the electronic charge, w is the 
width of the device and θsh is spin Hall angle of NM. During the measurement, a 
frequency of microwave is fixed, whereas the applied magnetic field (Hb) from 
the electromagnet is varied, and the electromotive force as a function of Hb is 
recorded.  
5.2.2 Ferromagnetic resonance measurements 
In the scope of this work, the utilization of FMR measurements is in 
determining the Gilbert damping parameter α. Recall that spin pumping results in 
an enhancement in the α, and thus the comparison of FMR measurements on 
devices with a bare FM layer and with NM/FM layers provides a clear evidence 
of spin pumping. A vector network analyzer (VNA) is commonly used for high 
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frequency studies such as FMR measurements. A schematic describing the inner 
machinery of a VNA is shown in Fig. 5.5. Inside a VNA, an internal source 
generates a microwave signal which is divided to a reference signal sent to a test 
receiver, and an incident signal which is directed to the port 1 or port 2. This 
signal is then guided through a bidirectional coupler to the device. The reflection 
of microwave signals from the device is guided back to the test receiver through 
the bidirectional coupler. By comparing the incident signal with that received 
after interaction with the DUT the VNA measures the S- (or scattering) 
parameters (Sij) of the DUT. Thus, S11 and S22 are measures of reflection from the 
DUT, whereas S12 and S21 are measures of transmission from the DUT. In the 
FMR measurements carried out in this thesis, only reflected signal has been 
studied from a single port, i.e., the parameter of interest is S11. The reflected 
signal from port 1 is measured in comparison to the reference signal in terms of 




Figure 5.5  A schematic representation of a vector network analyzer. 
 
The device to be measured is kept in a magnetic field, and is connected to 
one of the ports of the VNA. The reflected signal is measured at various 
frequencies across the resonance condition. The reflected signal amplitude 
depends on the power absorbed by the ferromagnet, and is smallest at the 
resonance condition. When the frequency is kept fixed and the magnetic field 
across the device is varied, the typical reflected signal looks like the one shown in 
Fig. 5.6. Such measurements are done for different frequencies, and α can be 
calculated by using the linewidth of resonance (∆f in Fig. 5.6) as following.  
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Figure 5.6 A typical FMR S11 signal from VNA. The absorbed power from the 
FM is maximum at the resonance condition, and the reflected power (S11) shows a 
dip. 
 
The change in α in the presence of the NM layer adjacent to the FM layer 
can be used to quantify the spin mixing conductance (
r
g ↑↓ ), which is a measure 
of the efficiency of the spin pumping process using the following equation. 
 ( ) ( )4 Py Brg M d gpi α µ↑↓ = ∆  (5.9) 
 
Here, M is the saturation magnetization of ferromagnet (i.e., Py in the spin 
pumping studies in this thesis), Pyd  is the thickness of Py layer, ∆α is difference 
between Gilbert damping of FM layer and FM/NM bilayer, g is the Landé g-
factor, and Bµ  is the Bohr magneton. 
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In one of the works presented in this thesis, the choice of materials which can 
enhance the rg
↑↓
 has been examined. The VNA-FMR measurement is of central 
importance for such a study. 
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Chapter 6 Tuning spin mixing conductance 
at the interface of a nonmagnet and a 
ferromagnet  
  
The prospect of using spin currents in information processing devices is a 
subject of great interest because of potential benefits in power dissipation and 
time constants [53-56]. One of the basic requirements of such applications is a 
large density spin current in non-magnetic materials. Spin pumping is one 
promising process, in which large spin current densities can be induced in a non-
magnetic material (NM) attached to a ferromagnet (FM) with a precessing 
magnetization. Spin pumping can generate spin currents both in metals and in 
semiconductors, circumventing the problem of impedance mismatch. Thus, a 
further improvement in the efficiency of spin pumping process is important for 
future spintronic devices. A possible route to achieve this improvement is by 
changing the NM/FM interface properties which may lead to an enhancement of 
spin mixing conductance. A non magnetic material with a high electron density is 
expected to show a large spin mixing conductance, and thus we investigate the 
effect of a Cu interlayer in Ta/Cu/Py and Pt/Cu/Py spin pumping devices. In these 
studies Py was chosen as the ferromagnet because it is a widely studied and well 
understood ferromagnet, and is commonly used in spin pumping studies. Ta and 
Pt have been chosen because of their high spin Hall angle, so that the detection of 
spin currents by inverse spin Hall effect is possible. Cu is used as the interlayer 
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because spin mixing conductance at a FM/NM interface is expected to be higher 





In recent years, the spin pumping induced spin current has been most 
commonly measured as an electric signal via the inverse spin Hall effect (ISHE) 
in NM [5,19,20,57], or as an enhancement in the Gilbert damping (α) of the FM 
[2,58,59]. The spin pumping efficiency can be enhanced by optimizing the 
magnetization angle out-of-plane of the film [60], by spin wave mode selection 
[61], by chemical modification of FM surface by in situ etching, or by using 
H2SO4/H2O2 mixture for cleaning FM surface [62,63]. The contribution of surface 
spin waves to spin pumping signal has been discussed, and it has been shown that 
spin waves dramatically enhances the spin pumping induced ISHE signals [64]. 
The properties of the NM/FM interface, quantified by spin mixing conductance 
( ↑↓g ) is also an important determinant of the spin pumping efficiency [65]. 
Previous reports have shown that the spin pumping efficiency can be suppressed 
by the presence of a thin layer of MgO [66], nano oxide [67] or titanium [68] at 
the NM/FM interface. The aim of this study is to observe the effect of changing 
the NM/FM interface on ↑↓g  by insertion of a Cu interlayer. Experiments have 
been conducted to measure ISHE induced by spin pumping in NM, as well as the 
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enhancement of α in NM/Cu/Py devices (NM = Ta, Pt). We find that the effective 
↑↓g  increases in the presence of Cu interlayer in Ta/Cu/Py devices, but decreases 
in Pt/Cu/Py devices. We describe the experimental procedure and the analysis of 
measurement data in detail in the following sections. 
 
Figure 6.1 (a) A schematic representation of the measurement setup. A 
rectangular Ta/Cu/Py layer is patterned. An ACPS line is patterned on top of the 
SiO2 layer. A signal generator (SG) is connected to the ACPS line and a voltmeter 
is connected across the multilayer for measuring the spin-pumping signal. (b) 
Cross section of the device. The layer stack is Ta or Pt (10 nm)/Cu (0-10 




6.2 Device structure and experimental setup 
Figure 6.1 (a) shows a schematic of the device with the measurement set 
up. The cross section of the device is shown in Fig. 6.1 (b). The devices were 
fabricated using photolithography and lift-off process. First, 800 µm × 600 µm 
NM/Cu/Ni81Fe19 trilayers are fabricated by sputter deposition with the Cu 
thickness ranging from 0 to 10 nm for different devices. In all devices, the 
thickness of NM (Ta or Pt) layer is 10 nm and the thickness of NiFe (Py) layer is 
20 nm. In the next step, a 640 µm × 630 µm × 30 nm SiO2 layer is deposited to 
insulate the Py layer. Then, in the last step, Ta (5 nm)/Cu (150 nm) asymmetric 
coplanar strips (ACPS) and dc probe pads are patterned, and sputter deposited 
simultaneously. In the ACPS strip, the width of signal line is 60 µm, the width of 
ground line is 180 µm, and the signal-ground spacing is 30 µm. A bias field Hb is 
applied along the z-direction shown in Fig. 6.1(b). For spin pumping induced 
ISHE measurements, a microwave signal of a fixed frequency is applied to the 
ACPS waveguide using a signal generator (SG) and a dc voltage is measured 
across the NM/Cu/Py trilayers as a function of Hb. For the evaluation of 
enhancement in α, ferromagnetic resonance (FMR) measurements are carried out 




6.3 Spin pumping induced ISHE measurements 
It has been discussed in Chapter 4 that spin pumping is commonly 
detected using ISHE measurements. In such measurements, the spin current 
pumped from FM (Py) gets converted into a transverse charge current in the NM 
(Ta or Pt) and is detected as an electromotive force. We have done ISHE 
measurements in all the Ta/Cu/Py and Pt/Cu/Py devices to infer the role of Cu 
interlayer. Figure 6.2 shows the measured values of the electromotive force signal 
in a Ta/Py device without a Cu interlayer. During the measurement, the signal 
generator applies a 15 dBm microwave at 4 GHz ( piω 2= ) to the ACPS 
waveguide, and the Hb along the z-direction is swept across the resonance field H0, 
such that ( )MHH += 000γµω , where γ is the gyromagnetic ratio of a free 
electron, µ0 is the permeability of free space, and M is the saturation 
magnetization of Py. The high frequency electrical current in the ACPS 
waveguide generates an rf magnetic field (hrf) which generates precessional 
motion in the Py layer. These precessions then pump a spin current into the Ta/Cu 
layer, which is measured as a charge current due to ISHE. The measured data 
shows a peak at resonance condition, because at resonance, large precessions of 
Py (~ 1 degree) give rise to a large spin current(1025 ℏ ),  which in turn produces a 
large electromotive force (~ 10 – 20 µV). 
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Figure 6.2 The measured spin pumping signal (open squares) at 4 GHz as a 
function of applied bias field Hb for a Ta/Py device, and the corresponding fit 
(solid line).  
 
The measured signal consists of ISHE in the Ta layer, and the anisotropic 
magnetoresistance (AMR) and the anomalous Hall effect (AHE) of the Py layer 
[20]. The origin of AMR or AHE signals in these measurements can be 
understood as follows. First, recall that AMR and AHE cause a change of 
resistance of the ferromagnet as a function of magnetization direction. The ACPS 
has capacitive coupling to the Py layer through the SiO2 layer. When a microwave 
signal is applied to ACPS, a small ac electric current parallel to ACPS also flows 
through the ferromagnet because of the abovementioned capacitive coupling. The 
magnetization in the ferromagnet has two effects – spin pumping, and change of 
resistance with respect to time via AMR or AHE. This ac resistance of the 
ferromagnetic layer along with ac current gives rise to a dc signal which is 
proportional to cosϕ , where φ phase difference between the microwave signal 
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and the precession of magnetization. φ varies as a function of Hb in such a way 
that the dc signal due to AMR and AHE has an asymmteric Lorentzian lineshape 
with respect to Hb. Thus, the effect of AMR or AHE can be eliminated by noting 
that the ISHE signal has a symmetric Lorentzian shape, whereas the signal due to 
AMR or AHE has an asymmetric Lorentzian shape [20,69]. Therefore, the 
measured data are fitted by a sum of symmetric and asymmetric Lorentzian 
functions as in equation (6.1). The value of Vsym is taken to be the spin pumping 
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 (6.1) 
It must be noted that the lineshape method used here is not a universally 
correct method [70-72]. The AMR induced signal is exclusively asymmetric only 
when the rf-field is perfectly in-phase with the current across the magnetic layer. 
Since the current across the magnetic layer (by capacitive coupling) and the rf-
field have same origin, they are indeed expected to be in-phase. Such a lineshape 
method is not valid in an experiment done inside a microwave cavity because 
electric field and magnetic field are not in-phase inside a cavity. 
Similar measurements are carried out at 3, 4, 5, and 6 GHz, for all the 
Ta/Cu/Py devices, with various Cu thicknesses ranging from 0 to 10 nm, and 
values of VISHE are obtained from fitting. The resonance fields H0 with the used 
frequency in measurements are plotted in Fig. 6.3, and is fitted with Kittel 
formula ( )MHH += 000γµω  to obtain M = 1.05 T. 
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Figure 6.3  Resonance fields (open squares) as a function of frequency as 
obtained from experiments, and a curve fit by Kittel formula (solid line). 
 
The ISHE signal level is given by ISHE s shV J Rθ∝  [20], where Js is the 
density of spin current induced from spin pumping, θsh is the spin Hall angle of 
NM, and R is the dc-resistance of NM/Cu/FM trilayer. Since the ISHE voltage is a 
dc voltage, the electrical resistance used in analysis is also the dc-resistance. The 
value of R as measured in different devices is plotted with the Cu interlayer 
thickness in Fig. 6.4.  
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Figure 6.4  The resistance of Ta/Cu/Py devices with different Cu thicknesses. 
 
The correct quantification of spin current density is given by the ratio 
between VISHE and R. This ratio, as obtained from measurements in different 
devices and for different frequencies, is normalized with respect to that in Ta/Py 
device and plotted in Fig. 6.5.  
 
Figure 6.5 VISHE/R (~ Js) for Ta/Cu/Py devices with different Cu interlayer 




It is clear from Fig. 5.5 that the Js increases by about 2.2 times in the presence of 
the Cu interlayer in the Ta/Cu/Py structure. It must be noted that Cu has very 
small spin orbit coupling and a large spin diffusion length (~ 300 nm) [73] at 
room temperature, therefore the effect of a thin layer (10 nm) of Cu does not have 
any effect in the signal either by modulation of spin Hall angle in Ta, or by 
suppression of spin current travelling through it. However, the Cu interlayer 
changes the spin current density by changing effective interface properties. . We 
use the term ‘effective’ interface property, because the Py/Ta interface is not a 
simple interface between two metallic layers anymore. Instead there is either Cu 
dusting layer, or a continuous Cu interlayer present at the interface. Beyond 3 nm 
of Cu interlayer thickness, the Py and Ta interface are effectively decoupled, and 
thus the effect of increasing the Cu thickness further has diminishing effects. Thus, 
in Fig. 6.5, the signal level saturates after Cu thickness of ~ 3 nm. 
 
6.4 FMR measurements and spin mixing conductance 
Recall that spin pumping can be also detected using FMR measurements. 
The linewidth of FMR is proportional to Gilbert damping α, and it increases in the 
presence of spin pumping effect [2,58]. In order to better understand the increase 
in Js in the presence of the Cu interlayer, FMR measurements were conducted in 
all Ta/Cu/Py devices. We expect an enhancement in the linewidth of FMR in 
Py/Cu/Ta devices in the presence of a Cu layer from our previous ISHE 
measurements. The α can be calculated from the FMR linewidth as γωα ∆= , 
67 
where ∆ω is the full width at half maximum of the FMR spectrum and γ is the 
gyromagnetic ratio of the free electron. 
  
 
Figure 6.6 (a) The measured FMR signals at Hb = 126 Oe as a function of 
frequency centered at a resonance frequency (f0), for Ta/Cu/Py devices with 
different Cu thicknesses. The linewidth of FMR signal is a measure of Gilbert 
damping α ω γ= ∆ . (b) The FMR field-linewidth measured with sweeping the 
bias field (circles: Py, squares: Py/Ta, triangles: Py/Cu(10 nm)/Ta). Gilbert 
damping is obtained from linear fit by 0 4H H fpiα γ∆ = ∆ + . 
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For these measurements, the device was placed in a fixed magnetic field 
Hb along the z-direction. The ACPS was connected to the port 1 of a VNA, and 
the scattering parameter S11 was measured as a function of frequency. In Fig. 6.6 
(a), the FMR linewidth measured at Hb = 126 Oe is seen to be largest for 
Ta/Cu/Py, followed by Ta/Py and Py. The field-linewidth was also measured as 
shown in Fig 6.6 (b), and the Gilbert damping of Py, Py/Ta and Py/Cu/Ta layers 
were obtained. The enhancement in Gilbert damping by spin pumping was found 
to be identical by frequency-linewidth and field-linewidth.  
This result shows that the spin current density induced by spin pumping is 
enhanced in Ta/Cu/Py devices as compared to Ta/Py devices. The effective spin 
mixing conductance is related to the enhancement in effective α via [20,74] 
( ) ( )04 Py Bg M d gpi γ α µ µ↑↓ = ∆  where M is the saturation magnetization of Py 
layer (1.05 T), dPy is the thickness of Py layer (20 nm), g is the electron g-factor 
(2), µ0 is the permeability of free space, and µB is the Bohr magneton. Figure 6.7 
shows the calculated ↑↓g  from Eq. (5.9) for different Ta/Cu/Py devices. ↑↓g is 
seen to increase up to ~ 2.1 times in the presence of the Cu interlayer. The 
enhancement in ↑↓g  in Fig. 6.7 follows the same trend as that observed in spin 
pumping induced ISHE signals in Fig. 6.5. These results show that the Cu 
interlayer enhances the ↑↓g  at the Ta/Cu/Py interface, which results in the 
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where hrf is the rf field amplitude, ω is the ferromagnetic resonance frequency 
(2pif), λTa is the spin diffusion length in Ta, and dTa is the thickness of Ta layer (10 
nm). Thus the result from FMR measurements matches very well with the results 
from spin pumping induced ISHE measurements in Ta/Cu/Py devices with 
different Cu thicknesses. 
 
Figure 6.7 The effective spin mixing conductance calculated using an increase of 
Gilbert damping (∆α) from ( )4 Py Brg M d gpi γ α µ µ↑↓ = ∆ .   
 
6.5 Analysis and discussion 
We understand our results using a simple model in which the spin mixing 
conductance can be written as 22 4piκ Akg F≈↑↓ ,[65] where κ is the number of 
conducting channels per surface atom and has a value of the order of unity, kF is 
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Fermi wave number of NM, and A is the area of interface. The values of kF for Cu 
and Ta can be obtained from * * 22F e F e Fk m V m E= =ℏ ℏ , where VF is the 
Fermi velocity, EF is the Fermi energy, and *em  is the electron effective mass. The 
values used for calculating kF are , 7 eVF CuE = ,
*
,
1.3e Cu em m= , , 5.54 eVF TaE = , 
and 6
,
1.79 10 m secF TaV = × ,[75,76] leading to 2 2, ,, , 1.88F Cu F TaCu Tag g k k↑↓ ↑↓ = ≈ . 
There is a small difference in results obtained from this analysis (1.88) as 
compared to that from ISHE measurements (~2.2) or FMR measurements (~2.1). 
It must be noted that in this simple analysis, the spin scattering at Ta/Cu interface 
is neglected. However, if the spin scattering at the Ta/Cu interface is taken into 
account in our analysis, the calculated enhancement factor will be smaller than 
1.88, and the discrepancy between this model and experimental results will 
further increase. 
 
Figure 6.8 VISHE/R for Pt/Cu/Py devices with different Cu thicknesses, normalized 
with respect to the Pt/Py device.  
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6.6 Pt/Cu/Py devices 
Our experimental observation of enhanced α due to the presence of Cu 
interlayer in Ta/Cu/Py is in contrast with the previous report in which a Cu 
interlayer was found to decrease the FMR linewidth in Pt/Cu/Py devices [77]. The 
difference may come from the choice of materials in devices used in the 
experiment. In order to confirm the effect of Cu interlayer in Pt-based devices, we 
have conducted spin pumping induced ISHE measurements as well as FMR 
measurements in Pt/Cu/Py devices. The Pt and Py thicknesses are 10 nm and 20 
nm, respectively, while the thickness of Cu interlayer is varied from 0 to 5 nm. 
Figure 6.8 shows that the ratio of VISHE and R decreases by about 20% in 
the presence of Cu interlayer in Pt/Cu/Py devices. The FMR measurements results 
plotted in Fig. 6.9 (a) also show a decrease in the linewidth in Pt/Cu/Py devices in 
the presence of Cu interlayer. In Fig. 6.9 (b) the value of g↑↓  is plotted as a 
function of Cu interlayer thickness. It is clear that the effective spin mixing 
conductance is suppressed in the Pt/Cu/Py system as compared to that of Pt/Py. 
This result shows that the effect of Cu interlayer on ↑↓g  is indeed material 
dependent (Ta versus Pt). Using the EF of 9.74 eV for Pt and *,Pt 13e em m= ,[78,79] 
the ratio of spin mixing conductance of Cu and Pt can be calculated to be 0.27, 
which is in qualitative agreement with our results that the spin pumping efficiency 





 Figure 6.9 (a) The measured FMR signals at Hb = 126 Oe as a function of 
frequency for Pt/Cu/Py devices with different Cu thicknesses. (c) The effective 
spin mixing conductance as a function of the Cu interlayer thickness. 
 
 
6.7 Comparison with other reports 
There is a recent report [77] with very similar study as the one presented 
in this chapter. This study reports the tuning of spin mixing conductance at 
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YIG/W and YIG/Pt interfaces by the insertion of a Cu layer. Here, YIG is Yttrium 
iron garnet (Y3Fe5O12) which is an insulating ferromagnet. The results of this 
study are very similar to that obtained in this chapter. Specifically, the spin 
mixing conductance is found to decrease in the presence of a Cu interlayer in 
YIG/Pt devices. However, in YIG/W devices, Cu interlayer improves the spin 
mixing conductance, which is similar to the behavior of Ta/Py devices in our 
study. Another study [74], as mentioned in an earlier section also reported results 
similar to ours, in which the authors found that Cu interlayer decreases the spin 
pumping efficiency in Pt/Py devices. 
 
6.8 Conclusions 
In summary, we have investigated the effect of adding a dusting layer, or 
an interlayer at the FM/NM interface on the efficiency of spin pumping process. 
Spin pumping induced spin current density obtained from Ta/Cu/Py devices is 
larger than that of Ta/Py devices. However, the Cu interlayer decreases the spin 
pumping efficiency in Pt/Cu/Py. The enhancement in the FMR linewidth also 
confirms an increase of the induced spin current density in Ta/Cu/Py devices, and 
decrease in Pt/Cu/Py devices. We suggest that the increase in the spin current 
density in Ta/Cu/Py devices is because of an increase in the spin mixing 
conductance in the presence of a Cu interlayer. In case of Pt/Cu/Py devices, the 
spin mixing conductance decreases in the presence of Cu interlayer, and hence the 
spin current density decreases. These experimental results show that the spin 
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current induced by spin pumping can be tuned by using a metallic interlayer 
inserted at the NM/FM interface.  
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Chapter 7 Observation of inverse spin Hall 
effect in Bi2Se3 
 
In a solid, the spin of an electron is coupled to its momentum via spin-
orbit interaction. This coupling is manifested in the direct and inverse spin Hall 
effect (SHE and ISHE) [5,27,28,80-83], which are the processes of inter-
conversion of charge and spin currents. The SHE and ISHE have been observed in 
many materials, including metals and semiconductors. The generation and 
detection of spin currents is of key importance in spintronics [73,84,85]. In 
particular, the ISHE, which converts the spin current into a charge electromotive 
force (emf), can be used as a powerful detection mechanism for spin currents. A 
search for materials which can detect spin currents very efficiently is essential for 
novel technologies based on spintronics. 
Topological insulators (TI) are a new quantum state of matter where non 
trivial topology of bulk bands are manifested in gapless spin polarized surface 
states [6,86,87]. To date, most of the experiments in TIs have focused on the edge 
or surface state of these materials. In 2D TIs, edge states have been confirmed by 
conductance quantization in the insulating regime [48], and the helical spin 
polarization of these states has been detected by transport experiments like the 
quantum spin Hall effect [88]. In 3D TIs, there have been many studies which 
employ angle-resolved photoemission spectroscopy (ARPES) to observe the 
Dirac cones and confirm its non-degenerate nature. Besides that, the spin-resolved 
ARPES has been conducted to confirm the helical spin polarization in surface 
76 
states in 3D TIs [49,89]. The surface state conduction has been confirmed by 
sample thickness dependence of transport properties [90-92], and by quantum 
oscillations from the surface state [90,93-95]. However, spin transport is little 
studied in TIs because of the difficulties such as impedance mismatch [96] and an 
expected small spin diffusion length in TIs due to strong spin-orbit coupling [97]. 
Recently, spin orbit effects have been observed in TIs, making them an interesting 
material for new spintronics applications. [98-101] An exploration of spin Hall 
effect in TI materials is an important step in the direction of TI spintronics. Other 
than the effects from surface, one can also expect a strong spin Hall effect from 
the bulk of a TI material, because TIs have very high spin orbit coupling. Also, 
most of the TI materials are narrow bandgap semiconductors, and thus have 
higher resistivity as compared to metals. Because of high resistivity, the spin 
pumping induced ISHE signals can be expected to be high in TI materials, and 
thus they can be used as efficient spin detectors. 
 
7.1 Introduction 
Bismuth Selenide (Bi2Se3) is a topological insulator exhibiting helical spin 
polarization at its surface and a strong spin-orbit coupling. This strong spin-orbit 
coupling is expected to link the charge current to spin current via the spin Hall 
effect (SHE), and thus Bi2Se3 can be used as an efficient spin detector. So far, 
metals like Pt, Pd and Ta have been demonstrated to detect the spin current 
effectively by using inverse spin Hall effect. A semiconductor such as Bi2Se3 has 
larger resistivity than metals. Since the voltage generated by ISHE is proportional 
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to the resistance of the device, it is expected that semiconductors with high spin 
orbit coupling may be able to detect spin current more efficiently than metals. 
Also the surface state of TI can be expected to enhance the ISHE signal, as the 
spin-momentum locking at the surface states may also contribute to the spin to 
charge conversion. As discussed and demonstrated in earlier chapters, spin 
pumping is an ideal choice of experiment to study inverse spin Hall effect. 
We utilize spin pumping from a permalloy (Py) layer to generate spin 
currents into the Bi2Se3 layer, and measure the induced emf signal 
[5,19,57,64,102]. Spin pumping is free from the impedance mismatch problem 
[103] and provides high density spin current injection into the Bi2Se3 layer. From 
Bi2Se3 thickness dependent measurements, the spin Hall angle (θsh) and spin 
diffusion length (λsf) in Bi2Se3 thin films are obtained to be 0.0093 ± 0.0013 and 
6.22 ± 0.15 nm, respectively, at room temperature (RT). Both the θsh and λsf are 
observed to increase as the temperature decreases.  
 
7.2 Device structure and fabrication 
Bi2Se3 thin films were grown on Al2O3(0001) substrates using custom 
designed SVTA MOSV-2 molecular beam epitaxy (MBE) system with base 
pressure less than 3×10-10 Torr. 99.999% pure bismuth and selenium sources were 
placed in Knudsen cells and evaporated to provide stable fluxes. An Inficon BDS-
250 XTC/3 Quartz crystal microbalance was used to measure the flux of 
individual elements. kSA 400 reflection high energy electron diffraction 
(RHEED) measurement system was used to monitor the crystal quality of Bi2Se3 
78 
thin films during growth. Al2O3(0001) substrates were cleaned for 5 minutes 
using ex situ UV/ozone cleaner to remove organic contaminants on the surface 
and were immediately loaded into the MBE growth chamber afterwards. In the 
growth chamber, the substrates were heated to 750 ºC for 10 minutes in 1×10-6 
Torr oxygen environment to remove any excess contaminants. The substrates 
were then cooled to growth temperature of 135 ºC, while the sources were heated 
to desired temperature of 600 ºC and 186 ºC for Bi and Se, respectively. We 
employ a two-step growth procedure for Bi2Se3 thin film growth as reported 
previously [104]. A seed layer of 3 quintuple layer Bi2Se3 was grown at 135 ºC 
followed by annealing to 220 ºC for 10 minutes before depositing rest of the film 
at 220 ºC. Highly crystalline Bi2Se3 films were obtained as indicated by sharp 
streaks and associated Kikuchi lines in the RHEED pattern. The carrier 
concentration of the Bi2Se3 film was obtained from Hall measurements. 
The devices were fabricated by the following process. First, a Bi2Se3 film 
is etched using Ar ion milling to the desired thickness, and is patterned into a 800 
µm × 600 µm film using photolithography and Ar+ ion milling. Then, a 20 nm Py 
(Ni81Fe19) layer is sputter deposited and patterned into a 640 µm × 600 µm strip 
by lift-off method. In the next step, a 600 µm × 630 µm × 30 nm SiO2 layer is 
deposited to isolate the Py layer. Then, in the last step, Ta (5 nm)/Cu (150 nm) 
asymmetric coplanar strips (ACPS) and dc probe pads are patterned, and sputter 
deposited, simultaneously. In the ACPS, the width of signal line is 60 µm, the 
width of ground line is 180 µm, and the signal-ground spacing is 30 µm. 
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7.3 Characterization of Bi2Se3 films 
Figure 7.1 shows the resistivity and the carrier concentration of a 20 
quintuple layer (QL; 1 QL thickness is 1 nm) Bi2Se3 film as a function of 
temperature. The decrease in the resistance with decreasing temperature is a 
typical characteristic of Bi2Se3. The carrier concentration in the Bi2Se3 films 
found by Hall measurements decreases with temperature and saturates below 100 
K. The high carrier concentration in Bi2Se3 films is typical and is because of Se 
vacancies. The surface dominant transport in these films has been previously 
confirmed by sample thickness dependent studies of transport properties [91,92].  
 
Figure 7.1 Electrical resistivity and carrier concentration (n-type) of a 20 QL 
Bi2Se3 film, as a function of temperature.  
 
7.4 Experimental setup 
Figure 7.2 elucidates the spin pumping process. The precessing 
magnetization M of the ferromagnet gives rise to a spin current Js from the 
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ferromagnet (Py) to a non-magnetic material (Bi2Se3). This spin current is 
detected as a transverse voltage via ISHE in Bi2Se3, given by VISHE ∝ Js × σ, 
where σ denotes the spin polarization vector of the spin current parallel to the 
direction of average magnetization of Py. 
 
Figure 7.2 A schematic representation of spin pumping. Precessing magnetization 
(blue arrow) generates a spin current across the FM/Bi2Se3 interface, which can 
be measured as a charge current via ISHE. 
 
Figure 7.3 (a) shows a schematic of the device with the measurement set-
up. The cross-section of the device is shown in Fig. 7.3 (b). For spin pumping 
induced ISHE measurements, a 15 dBm microwave signal of a fixed frequency of 
3, 4, 5, and 6 GHz ( piω 2= ) is applied to the asymmetric coplanar strips (ACPS) 
waveguide using a signal generator (SG) and a dc voltage is measured across the 
Bi2Se3/Py bilayers as a function of the bias field (Hb) applied along the z-direction. 
For the evaluation of enhancement in the Gilbert damping constant (α), 
ferromagnetic resonance (FMR) measurements are carried out using a vector 
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network analyzer. Measurements are carried out at different temperatures ranging 
from 15 to 300 K. 
 
Figure 7.3 (a) An illustration of the measurement setup used in this study. A 
rectangular Bi2Se3/Py layer is patterned. An ACPS line is patterned on top of the 
SiO2 layer. (b) Cross-section of the device. The layer stack is Bi2Se3 (t)/NiFe (20 
nm)/SiO2 (30 nm), with t = 5 − 35 nm. The electrical contacts are Ta (5 nm)/Cu 
(150 nm). 
 
7.5 FMR measurements and spin mixing conductance 
Since spin pumping is a process in which the precessing magnetization 
loses energy, the effective Gilbert damping increases due to spin pumping [2,58]. 
In Fig. 7.4 the FMR full linewidth measured as a function of frequency is seen to 
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be larger in Bi2Se3/Py devices than that in Py devices. The linear dependence of 
linewidth on frequency confirms the Gilbert-like damping in our devices. The 
values of α for Py and Bi2Se3/Py from the linear fits by the equation 
0 4H H fpiα γ∆ = ∆ +  are found to be 0.0109 and 0.0122, respectively.  
 
Figure 7.4 The full linewidth of FMR spectrum for the Py and Bi2Se3/Py films as 
a function of frequency. 
 
The spin mixing conductance is related to the enhancement in effective α via 
equation (4.9). [20,74] Thus, 
r




 for the Bi2Se3/Py 
interface. For estimation of 
r
g ↑↓ , ∆α was taken as 0.0122 – 0.0109 = 0.0013 and 





7.6 Spin pumping induced ISHE measurements 
Figure 7.5 shows the measured data of the electromotive force signal in a 
Bi2Se3 (20 nm)/Py device measured at a frequency of 4 GHz. The Hb along the z-
direction is swept across the resonance field H0, which is related to the applied 
frequency by Kittel formula, ( )MHH += 000γµω , where γ is the gyromagnetic 
ratio of a free electron, µ0 is the permeability of free space, and M is the saturation 
magnetization of Py.  
 
Figure 7.5 Spin pumping induced ISHE signal (VISHE) measured at 4 GHz from 
the device with a Bi2Se3 thickness (t) of 20 nm, and in a bare Py (20 nm) film. 
The measured ISHE data (symbols) is fitted with a sum of a symmetric and an 
asymmetric Lorentzian.  
 
The measured signal originates from three sources; the ISHE in the Bi2Se3 
layer, the anisotropic magnetoresistance (AMR) of the Py layer, and the 
anomalous Hall effect (AHE) of the Py layer [5,20,69]. As explained in previous 
chapter, the AMR and AHE give rise to a dc signal from ac current in 
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ferromagnetic layer by its capacitive coupling to ACPS. The effect of AMR or 
AHE from the Py layer can be easily eliminated considering that the ISHE signal 
has a symmetric Lorentzian shape, whereas the signal due to AMR or AHE has an 
asymmetric Lorentzian shape [5,20]. Therefore, the measured data are fitted by a 
sum of symmetric and asymmetric Lorentzian functions similar to equation (6.1) 
and the spin pumping induced ISHE signal (VISHE) was obtained. It must be noted 
that spin rectification effects may also contribute to the symmetric part of the 
signal [70-72]. The rectification effects also originate from the AMR of the Py 
layer, therefore in order to rule out such a contribution, we perform measurements 
on a bare Py layer (without Bi2Se3). Only a small asymmetric signal but no 
symmetric signal is observed as shown in Fig. 7.5. 
The spin current density induced by spin pumping is given by [74] 
 ( )
( )
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where hrf is the rf field amplitude, f is the applied frequency (ω = 2pif), λsf is the 
spin diffusion length in Bi2Se3, and dBiSe is the thickness of the Bi2Se3 layer. rg ↑↓  
is the spin mixing conductance of the Bi2Se3/Py interface and is a measure of 
efficiency of spin pumping across the interface [2,65]. Due to the ISHE in the 
Bi2Se3 layer, this spin current is converted into a charge current with a density 
given by (2 / )c sh sJ e Jθ= ℏ , where θsh is the spin Hall angle in Bi2Se3. For the 
device width w (see Fig. 7.3(a)), this charge current ( )c c BiSeI J wd=  across the 
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resistance R of the Bi2Se3/Py bilayer is detected as an emf, ( )ISHE c BiSeV J wd R= . 
Thus the measured ISHE signal can be written as  
( )
( )
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(7.2) 
7.6.1 Microwave photoresistance measurements 
The value of hrf can be estimated using microwave photoresistance 
measurements [105-107]. Microwave photoresistance is basically the change in 
resistance of a magnetic material when it is undergoing magnetic precessions. The 
physical reason for this is AMR. Since during precession, the average distance of 
magnetization is far from equilibrium, its resistance changes. The magnitude of 
microwave photoresistance is larger when the amplitude of precession is larger. 
For these measurements, a microwave signal of 4 GHz and 15dBm, which is 
amplitude modulated at 41 kHz is sent to the ACPS. A dc current (Idc) of is sent 
across the device and an ac voltage (Vac) at 41 kHz is measured across it. Such 
measurements are done at Idc of 5 mA and -5mA, and the photoresistance signal is 









 , where the denominator is the difference 
between currents (5 mA – (–5 mA) = 10 mA). The difference in signal between 
two currents (+5 mA and –5 mA) eliminates the additional signal due to spin 
pumping.  
Figure 7.6 shows the microwave photoresistance data from a Bi2Se3 (20 
nm)/Py device at 4 GHz. The signal originates from the AMR of Py. When the 
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magnetization is precessing, the average distance of magnetization is not aligned 
with the direction of current, and thus its resistance is higher. From these 
measurements, the cone angle of precession is calculated to be 0.23º, and hrf  is 
estimated to be ~ 1 Oe using the method described in a previous report [106]. It is 
also noteworthy that the photoresistance signals in our devices are of the same 
magnitude in both positive and negative Hb, which is in agreement with the equal 
magnitude of spin pumping induced ISHE signals at ± Hb. 
 
Figure 7.6 Microwave photoresistance signals (∆RMW) at 4 GHz in the device 
with a Bi2Se3 thickness (t) of 20 nm.  
 
7.6.2 Effect of Bi2Se3 thickness on spin current density 
In order to determine the spin Hall angle and spin diffusion length in the 
Bi2Se3 layer, spin pumping induced ISHE measurements were carried out in 
samples with different thicknesses of the Bi2Se3 layer. Figure 7.7 shows the 
measured value of VISHE/R for different thicknesses of the Bi2Se3 layer, and a 
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corresponding fit by Eq. (7.2). The data shows an increasing trend with thickness 
of Bi2Se3, and begins to saturate at a thickness of ~ 20 nm. This trend is due to an 
exponential decay of spin current in Bi2Se3. This exponential decay manifests 
itself in Eq. (7.2) in the form of a tan hyperbolic (tanh) function. From the fitting 
we obtain a value of λsf = 6.22 ± 0.15 nm at room temperature for the spin 
diffusion length in Bi2Se3. The fitting also gives us the product 
( ) 171.408 0.04 10r shg θ↑↓ = ± × m-2. From results of FMR measurement shown in 
Fig. 7.4, namely, 
r




, θsh is found to be 0.0093 ± 0.0013 at 
room temperature.  
 
Figure 7.7 The ratio of VISHE and resistance (R) of Bi2Se3/Py films. 
7.6.3 Comparison with other reports 
It must be noted that recently a very large value of θsh (2 - 3.5) was 
reported in Bi2Se3 by spin torque ferromagnetic resonance (STFMR) 
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measurements in Bi2Se3/Py devices [98]. Also, in another similar material, 
(Bi0.5Sb0.5)2Te3, an even larger θsh (140 - 425) was reported using spin orbit 
switching measurements in BiSbTe3/(Cr0.08Bi0.54Sb0.38)2Te3 heterostructures [99]. 
Our value of θsh in Bi2Se3 is much smaller and closer to that in a conventional 
heavy metal like Pt [9,57]. It is notable that both these measurements involve a 
current injection through the TI material (Bi2Se3 or BiSbTe3) unlike our spin 
pumping experiments. It is possible that the TI film quality plays a role in the 
above mentioned discrepancy as it is known that TI materials (Bi2Se3 or 
BiSbTe3) pose difficult challenges in high quality film growth. 
 
7.7 Temperature dependence of spin Hall effect in 
Bi2Se3  
We further extended our study to low temperatures. The Bi2Se3 thickness 
dependent measurements of VISHE were carried out at different temperatures 
ranging from 15 to 300 K in order to obtain the θsh and λsf at each temperature. 
Figure 6.8 shows the variation of θsh and λsf as a function of temperature. Both θsh 
and λsf increase at low temperatures to be θsh = 0.022 ± 0.0028 and λsf = 9.5 ± 0.35 
nm at 15 K.  
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Figure 7.8 The spin Hall angle (θsh) and spin diffusion length (λsf) in Bi2Se3 as a 
function of temperature.  
 
The increase in λsf may be related to a decrease in phonon scattering or an 
increase in the carrier mobility as temperature is lowered. λsf is related to the spin 
diffusion time (τsf) via sf sfDλ τ= , where D is the diffusion constant. D is 
related to the carrier mobility through Einstein’s relation BD k T eµ= . The carrier 
mobility in our Bi2Se3 film is found to increase by three times at low temperature 
[108], thus qualitatively explaining the increase in λsf at low temperatures.  
 
7.8 Weak antilocalization measurements 
Weak antilocalization is a transport property of materials with strong spin 
orbit coupling. It occurs in systems in which the phase coherence length of 
electrons is larger than the mean free path. This happens typically at low 
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temperatures when the electron scattering is mostly elastic in nature. Recall that 
the backscattering of the electrons in materials is the reason of the electrical 
resistance. If the system is invariant with respect to time reversal, each 
backscattering trajectory has a corresponding time-reversal-symmetric path. In a 
material with weak spin orbit coupling, these two trajectories interfere 
constructively and lead to an increase in its electrical resistance. However, if the 
spin orbit coupling is strong, the spin of the electron is coupled to its momentum, 
and the time-reversed path carries an extra phase corresponding to spin part of 
wavefunction of the trajectory. The interference becomes destructive now, and 
leads to decrease in the electrical resistance. This quantum correction in electrical 
resistance of a material due to strong spin orbit coupling is called weak 
antilocalization. 
When a magnetic field is applied to such systems, it can suppress these 
interference phenomena by producing a relative phase between the time-reversed 
paths. Thus, in case of strong spin orbit coupling, an increase in resistance with 
respect to magnetic field is expected. The magnitude of this magnetoresistance is 
related to the spin orbit length (lso) of the material, which is a measure of the 
strength of spin orbit coupling. 
We carried out weak antilocalization measurements to obtain the lso in 
Bi2Se3. For these measurements the 100 µm × 20 µm Bi2Se3 films were fabricated 
by photolithography by Ar+ ion milling process and the electrical contacts, Ta (5 
nm)/Cu (80 nm), were sputter deposited. The electrical resistance of the Bi2Se3 
films was measured as a function of an out-of-plane magnetic field. We fit the 
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data with the Hikami-Larkin-Nagaoka (HLN) equation along with a quadratic 








h eL B eL B
α ψ β
pi
    ∆ = − + − +    
    
ℏ ℏ
 (7.3) 
Here G is the conductance of the sample, B is the applied magnetic field, α 
accounts for contributions from the surface as well as 2D bulk effects, and β is the 
quadratic coefficient arising from scattering events. ψ is the digamma function, L 
is the phase coherence length in Bi2Se3, e is the electronic charge, h is Planck 
constant, and ℏ  is the reduced Planck constant. Figure 7.9 shows the measured 
magnetoconductance (symbols) and the corresponding fit (solid line) by equation 
(7.3). From fitting we obtain the value of β to be –4.32×10-9 Ω-1T-2. The β consists 
of a classical cyclotronic part, and a quantum part that originates from spin orbit 
scattering and elastic scattering events. The classical part is given by 2 0c HGβ µ= − , 
where µH is the Hall mobility and G0 is the zero-field conductance. The quantum 
part of β is given by 
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(7.4) 
where ( )24so soB el= ℏ  and ( )24e eB el= ℏ , with lso and le being the spin orbit 
length and the electron mean free path, respectively.  
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Figure 7.9 The measured magnetoconductance data (symbols) and corresponding 
fit (line) using Hikami-Larkin-Nagaoka (HLN) equation.  
 
The mobility in our samples was determined to be 61 cm2/V·sec, and G0 is 
5.43×10-4 Ω-1. Thus the value of βc is calculated to be -2.02 ×10-8 Ω-1T-2. Thus, βq 
= β - βc = 1.58×10-8 Ω-1T-2. If we use the electron mean free path, le = 10 nm, the 
lso can be obtained to be 6.9 nm. The comparable values of lso and λsf suggest that 
spin-orbit coupling is the dominant source of spin scattering in the Bi2Se3 films. 
 
7.9 Contribution from surface states? 
Bi2Se3 films are expected to show a distinct behavior at surface and bulk. 
For example, the spin-orbit interaction at surface may be different from that in 
bulk. We thus analyze our data using different values of spin Hall angle for the 
surface and bulk. Following the method by Ando et al. [74]. we derive the 
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formula for spin pumping induced VISHE using different values of spin Hall angle 
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(7.5) 
where θsh1 and θsh2 are the spin Hall angles at surface and bulk, respectively. dsurf 
is the assumed value of surface thickness and is taken to be 3 nm [109]. The spin 
Hall angle at opposite surfaces was taken to be of opposite signs.  
 
Figure 7.10 A schematic showing the dissipation of spin current inside Bi2Se3. As 
the spin current decays, it gives rise to charge current, depending on the value of 
spin Hall angle. The three regions have different spin Hall angles, and thus give 
rise to three term in equation (7.5). 
94 
 
The three terms in equation 7.5 correspond to the three regions shown in 
Fig 7.10. Fitting the measured data, we obtain θsh1 at surface and θsh2 at bulk for 
each temperature as shown in Fig. 7.11, which does not show any clear distinction 
between the surface and bulk value. Figure 7.12 shows the λsf as a function of 
temperature when different values of spin Hall angle are taken for surface and for 
bulk. It shows the similar trend as in Fig.  6.8, i.e., λsf increases from ~ 6 nm to ~ 
10 nm as the temperature is decreases from room temperature to 15 K. 
 
Figure 7.11 The spin Hall angle of Bi2Se3 surface and Bi2Se3 bulk, assuming a 




Figure 7.12 The spin diffusion length of Bi2Se3 assuming different spin Hall 
angles in surface and bulk, as a function of temperature. 
 
7.10 Conclusions 
Our results show the practicability of Bi2Se3 as a spin detector. The value 
of θsh is higher than that in Si and GaAs, and similar to those obtained for heavy 
metals such as Pt, Pd, or Ta by spin pumping method [69,74,102,103]. It must be 
noted that the spin current detection efficiency by ISHE depends not only on θsh, 
but also on the resistance of the layer, as ISHE sh sV J Rθ∝ . Since Bi2Se3 is a 
semiconductor, its resistivity is at least an order of magnitude higher than the 
heavy metals like Pt and hence the spin pumping induced ISHE voltage can be 
expected to be higher than that in the Pt [47]. Therefore, Bi2Se3 can be a viable 
material for spin detection devices. 
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Chapter 8 Spin Hall angle and spin orbit 
torques in Tantalum 
 
In heavy elements (i.e. with high atomic number), the spin orbit coupling 
can be expected to be higher than light elements. This can be qualitatively 
understood as follows. The electrons in a heavy elements experience a strong 
attractive electrostatic force from the nucleus. To maintain a stable orbit, the 
electron needs to have a large kinetic energy, and thus a large orbital angular 
momentum. A large value of orbital angular momentum leads to a large value of 
spin orbit coupling. In fact, the spin orbit coupling strength (α) increases with 
atomic number (Z) as 4Zα ∼   .Thus, heavy metals such as Pt, Ta, and Pd have 
high spin orbit coupling, and are expected to have high values of spin Hall angle, 
shθ . The spin Hall effect in many of the heavy metals has been studied using 
different experimental schemes such as spin pumping [5,19,20], nonlocal lateral 
spin valves [83,110], and spin torque ferromagnetic resonance (ST-FMR) 
measurements [9]. In particular, Ta was shown to have a very high value of shθ  
(0.15) by ST-FMR measurements. The dependence of shθ  in Ta on temperature, 




We have investigated the temperature dependence of spin Hall angle and 
spin diffusion length in Ta as a function of temperature by using spin pumping 
measurements. The inverse spin Hall effect (ISHE) in Ta is induced by spin 
pumping in Ta/Py (Ni81Fe19) layers and is detected as an electromotive force 
across the layers. Ferromagnetic resonance (FMR) measurements were done on 
the Py and Ta/Py devices, and the Gilbert damping constant (α) of Ta/Py was 
found to be larger than that of Py film. The spin pumping induced ISHE voltage 
was measured for Ta/Py devices with different Ta thicknesses, and the shθ  and 
spin diffusion length (
sfλ ) in Ta were obtained. The value of shθ  and sfλ  at room 
temperature were found to be 0.015 and 6.3 nm respectively. We extended this 
study to low temperature and found that the shθ  in Ta decreased to 0.01 at 15 K, 
whereas the 
sfλ  in Ta remained relatively independent of temperature. 
To complement the results obtained from spin pumping measurements, 
ST-FMR measurements were carried out on CoFeB/Ta devices. From a detailed 
analysis of these measurements, the effective in-plane (θ ) and out-of-plane (θ⊥ ) 
spin orbit torque efficiency in CoFeB/Ta devices were evaluated. A significant θ⊥  
was found in CoFeB/Ta devices (2-4 times larger than θ ). These studies were 




8.2 Device structure and fabrication 
The spin pumping devices were fabricated by the photolithography and 
liftoff process. First, a Ta film was sputter deposited onto a thermally oxidized Si 
wafer and patterned into a 800 µm × 600 µm film. Then, a 20 nm Py layer is 
sputter deposited and patterned into a 640 µm × 600 µm strip. In the next step, a 
600 µm × 630 µm × 30 nm Al2O3 layer is deposited to electrically isolate the Py 
layer. Then, in the last step, dc probe pads and Ta (5 nm)/Cu (150 nm) 
asymmetric coplanar strips (ACPS) are patterned, and sputter deposited, 
simultaneously. In the ACPS, the width of signal line is 60 µm, the width of 
ground line is 180 µm, and the signal-ground spacing is 30 µm. The ST-FMR 
devices are fabricated by photolithography and Ar+ ion etching process. CoFeB (4 
nm)/Ta (8 nm) films were deposited onto a thermally oxidized Si wafer at room 
temperature using magnetron sputtering. These films are then patterned into 
rectangular microstrips of dimensions L (130 µm) × W (15–20 µm). In the next 
step, a coplanar waveguide (CPW) was fabricated using photolithography and 
sputter deposition. Different gaps (25–55 µm) between ground (G) and signal (S) 
electrodes were designed to tune the device impedance to be ~50 Ω. 
 
8.3 Experimental setup 
Figures 8.1 and 8.2 show the device structure and schematic of the 
experimental setup for spin pumping and ST-FMR measurements, respectively. 
For spin pumping induced ISHE measurements, a signal generator (SG) was used 
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to apply a 15 dBm microwave signal of a fixed frequency (3-6 GHz) to the ACPS 
waveguide. The resulting magnetization precession leads to a spin current across 
the Ta/Py interface and is detected as a dc voltage across the Ta/Py layer using a 
nanovoltmeter. During the measurements, a bias field (Hb) is applied along the z-
direction as shown in Fig. 7.1(b). The enhancement of Gilbert damping (α) in 
Ta/Py and Py films was estimated from ferromagnetic resonance (FMR) 
measurements using a vector network analyzer.  
 
Figure 8.1 (a) Schematic of the experimental setup used for spin pumping 
measurements in this study. The signal generator (SG) applies a microwave signal 
to the ACPS, and a nanovoltmeter measures the spin pumping induced ISHE 
signals. (b) A schematic of the cross section of the spin pumping device. 
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For ST-FMR measurements, a 13 dBm microwave signal was applied to 
the devices using the SG, and a nanovoltmeter was used to simultaneously 
measure a dc signal across the device. During these measurements, Hb was 
applied at an angle ( Hθ ) as shown in Fig. 7.2 (a). Figure 7.2 (b) shows the device 
structure used for ST-FMR measurements. 
 
Figure 8.2 (a) Schematic of the experimental setup used for ST-FMR 
measurements in this study. The signal generator (SG) applies a microwave signal 
to the ACPS, and a nanovoltmeter measures a DC voltage across the device. (b) A 
schematic of the cross section of the ST-FMR device. 
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8.4 Spin pumping measurements 
Figure 8.3 shows the data of spin pumping induced ISHE signal in a Ta 
(10 nm)/ Py (20 nm) device measured at a frequency of 4 GHz. The Hb along the 
z-direction is swept across H0, the resonance field, which is given by Kittel 
formula, ( )MHH += 000γµω . Here, γ is the gyromagnetic ratio of a free 
electron, µ0 is the permeability of free space, and M is the saturation 
magnetization of Py. The signal consists of a symmetric part from the ISHE signal 
from the Ta layer and an asymmetric part from AMR as well as AHE signals from 
the Py layer [5,20].  
 
Figure 8.3 Spin pumping induced ISHE signals in Ta (10 nm)/Py (20 nm) device 
at 4 GHz (blue squares) and a corresponding fit (black solid line) by Lorentzian 
functions. A bare Py (20 nm) film does not show any significant signal (red 
circles) thus ruling out possible artifacts from spin rectification effects. 
 
As described in previous chapters, the measured data are fitted by a sum of 
symmetric and asymmetric Lorentzian functions, similar to equation (6.1) and the 
value of spin pumping induced ISHE signal (VISHE) is obtained. It has been 
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reported that the spin rectification may also contribute to the symmetric part of 
the signal in spin pumping measurements [70-72]. These effects also originate 
from the AMR of the Py layer, and can be evaluated separately by performing 
spin pumping measurements on a bare Py layer (without Ta). As can be seen in 
Fig. 7.3, no symmetric signal was observed in bare Py layer, thus ruling out a 
possible contamination of ISHE signals by spin rectification effects. 
The spin current induced by spin pumping is converted into a charge 
current via ISHE in Ta with a density given by (2 / )c sh sJ e Jθ= ℏ , which can be 
measured as a dc voltage (VISHE) given by [74] 
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In this equation, θsh is the spin Hall angle in Ta, w is the device width (600 µm, 
Fig 8.1 b), R is the resistance of Ta/Py bilayer, hrf is the rf field amplitude (1.1 
Oe), f is the applied frequency (ω = 2pif, f = 3, 4, 5 and 6 GHz), λsf is the spin 
diffusion length in Ta, and dTa is the thickness of the Ta layer. rg
↑↓
 is the spin 
mixing conductance of the Ta/Py interface and is a measure of efficiency of spin 
pumping across the interface [2,65]. 
The Ta thickness dependence of VISHE is evident from Eq. (8.1). Thus, by 
carrying out spin pumping induced ISHE measurements in Ta/Py devices with 
different thicknesses of the Ta layer, one can estimate the θsh as well as λsf in Ta. 
Figure 8.4 shows the measured values of VISHE/R as a function of Ta layer 
thickness. By fitting this data with Eq. (8.1), the value of λsf was obtained to be 
6.3 nm, and the value of the product 164.2 10r shg θ↑↓ = ×  m-2 at room temperature. 
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The value of rg
↑↓
 was obtained from FMR measurements due to the enhancement 
in the Gilbert damping (α) of Py in the presence of a Ta layer. The spin mixing 
conductance is related to the enhancement in effective α via equation (5.9) [20,74] 
Thus, rg
↑↓
 of Ta/Py interface is found to be 2.8×1018 m-2 and θsh in Ta to be 0.015 
at room temperature.  
 
Figure 8.4 The measured VISHE/R (blue squares) as a function of thickness of Ta 
in Ta/Py devices, and a fit (solid line) by Eq. (7.1). 
 
This value of θsh in Ta is much smaller than the value of 0.15 obtained by 
the spin torque ferromagnetic resonance method [111]. It is noteworthy that 
similar disagreements in the value of θsh in Pt have also been found, in which 
various values of spin Hall angles in the range 0.0037 – 0.08 have been reported 
[9,57,83]. 
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8.4.1 Temperature dependence 
We further extend our spin pumping study in Ta/Py devices to low 
temperatures. The spin pumping induced ISHE in Ta/Py devices with different 
thicknesses of Ta layer was measured at different temperatures. Equation (8.1) 
was used to fit these data to obtain the θsh and λsf at different temperatures ranging 
from 15 to 300 K. 
 
Figure 8.5 The θsh in Ta obtained from spin pumping induced ISHE 
measurements as a function of temperature. 
 
As evident from Fig. 8.5, the θsh in Ta was found to decrease from 0.015 
to 0.01 as temperature decreased from 300 to 15 K.  The λsf, however, remained 
relatively constant in this temperature range as shown in Fig. 8.6. 
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Figure 8.6 λsf in Ta as a function of temperature.  
 
8.5 Spin torque ferromagnetic resonance  
Spin torque ferromagnetic resonance is a technique which can be used to 
determine the spin orbit torques in a FM/NM bilayer [9]. We use this technique 
on CoFeB/Ta devices to compare with the results from Ta/Py spin pumping 
measurements. First we explain the concept of ST-FMR measurements briefly. In 
this method, an ac charge current of a fixed frequency (ω) flows through a 
FM/NM bilayer placed in a uniform magnetic field. The ac current produces three 
ac torques on the FM layer; (1) Oersted field induced torque on the FM layer due 
to currents flowing in the NM layer, (2) spin Hall torque induced by spin currents 
from the NM layer to FM layer, and (3) torque due to the Rashba effect at the 
FM/NM interface. These ac torques generate magnetization precession in the FM 
layer. Due to the AMR effect, the magnetization precession makes the resistance 
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of FM/NM bilayer oscillate at the same frequency as the magnetization precession. 
The ac current through the devices multiplies with its ac resistance to produce a 
dc mixing signal (Vmix) proportional to cosϕ , where φ is the phase difference 
between ac currents and magnetization precession. φ varies as a function of Hb 
and this variation is different for three torques, and thus the Vmix produced by the 
torques has different dependence on Hb. In particular, the Vmix produced by the 
spin Hall torque has a symmetric Lorentzian shape, whereas that by the Oersted 
torque or Rashba torque has an asymmetric Lorentzian shape.  
        S A= [ ( ) ( )]mix b bV SF H AF Hκ +                                                                        (8.2) 
S and A are the amplitudes of symmetric and asymmetric part of the Vmix. Since 
the spin Hall torque originates from the spin current, and the Oersted torque 
originates from the charge current, the ratio of the Vmix produced by these two 
torques is a measure of the ratio of spin current density and charge current density, 
which is same as θsh. If the Rashba effect is negligible, this ratio can be obtained 
simply from the ratio of the magnitude of symmetric and asymmetric part of the 
Vmix. 
         
1 20 s
eff 0[1 (4 )] /ssh
c




= = +                                               (8.3) 
However, if Rashba effect is significant, the above formula may 
underestimate or overestimate the θsh, depending on whether the Rashba torque is 
parallel or antiparallel to the Oersted torque. In such a case, one should use the 
symmetric part of the signal separately for in-plane torque (τ ) using the method 
outlined by a recent report [98].  
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−                                                   (8.4) 
In this formula, Irf is the RF current flowing through the device, H/dR dθ  is the 
angular dependent magnetoresistance, ∆ is the linewidth of ST-FMR signal, τ  is 
the in-plane spin-orbit torque on unit moment of FM at θH = 0°, σ is the NM 
electrical conductivity, and E is the microwave electric field across the device. It 
is also possible to deduce the Rashba torque by analyzing the total out-of-plane 
torque τ ⊥  [98]. 
























=                   (8.5) 
8.5.1 Experimental results 
Figure 8.7 shows the measured data from ST-FMR measurements in a 
CoFeB (4 nm)/Ta (8 nm) device for fixed frequencies between 6-10 GHz. The Hb 
at angle of 35Hθ =   is swept across H0. The signal consists of a symmetric and an 
asymmetric Lorentzian. Thus the signal can be written as the sum of symmetric 












H H H H
Γ −Γ
= +
Γ + − Γ + −
, 
where VSHE and VOe are the amplitudes of the symmetric and asymmetric parts of 
the signal. Here, we have assumed that the Rashba effect is negligible, and the 
asymmetric part of the signal originates only from the Oersted torque. Figure 8.7 
also shows the fitting (solid lines) of the data by the sum of Lorentzian functions 
from which the VSHE and VOe were found. 
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Figure 8.7 Spin torque ferromagnetic resonance measurements in CoFeB (4 
nm)/Ta (8 nm) device at different frequencies. The symbols are measured data, 
and the solid lines are fits by sum of Lorentzian functions. 
 
The spin Hall angle (θsh) in the Ta layer can then be determined from the 
equation ( )( ) ( )0 01 4sh SHE Oe s effV V e M td M Hθ µ pi = + ℏ .[9] Here, t and d are 
thicknesses of CoFeB and Ta layer, respectively, Meff is obtained to be 1.53 T 
from the Kittel fit ( )0 0 0 effH H Mω γµ= +  from the data of H0 at different 
frequencies, and Ms is measured using vibrating sample magnetometer to be 1.55 
T. The θsh from ST-FMR measurements was found to be 0.109 at room 
temperature measured at 35Hθ =  . 
Similar measurements were performed on the CoFeB (4 nm)/Ta (8 nm) 
device at different angles ( Hθ ) of applied bias field and at f = 8 GHz. The 
normalized values of VSHE and VOe extracted from the measured data were plotted 
as a function of Hθ  in Fig. 8.8 and fitted with ( ) ( )2cos sinH Hθ θ .  
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Figure 8.8 The ST-FMR signals (VSHE and VOe) as a function of angle of applied 
field ( Hθ ). The largest signal is obtained at 35Hθ =  . 
 
It can be seen in Fig. 8.8 that the largest ST-FMR signal is present at an 
angle of 35Hθ =  . The θsh was evaluated from measured ST-FMR data at 
different Hθ  and it was found that θsh is independent of Hθ  as shown in Fig 8.9. It 
must be noted that spin pumping due to precession in CoFeB may lead to 
additional artifact signals in our devices. We have ruled out this possibility by 
estimating the spin pumping contributions in our measurements using the method 
described by Mellnik et al.[98] and have found the artifact due to spin pumping in 
our ST-FMR signals to be negligible. 
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Figure 8.9 Spin Hall angle obtained from ST-FMR measurements is independent 
of the angle of applied field during the measurements. 
 
8.5.2 Spin orbit torques in CoFeB/Ta devices 
The values of θsh obtained from spin pumping measurements (~0.015) are 
very small compared to those from ST-FMR measurements (0.109). This 
inconsistency can be explained as follows. In the analysis for ST-FMR 
measurements, it was assumed that the in-plane torque (τ ) is generated only from 
the spin Hall effect, and out-of-plane torque (τ ⊥ ) is generated only from the 
Oersted field from the current flowing in the device. However, it is possible that 
the Rashba effect arising from the CoFeB/Ta interface also contributes to both τ  
and τ ⊥ . In such a scenario, it is not possible to obtain θsh from ST-FMR 
measurements since it is contaminated by contributions from the Rashba effect. 
Instead, one can define the in-plane spin orbit torque efficiency θ  which is 
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analogous to θsh in systems without the Rashba effect. Similarly, the out-of-plane 
spin orbit torque efficiency (θ⊥ ) can be defined which characterizes the τ ⊥  in a 
similar manner as θ  characterizes the τ , s s/ /, ,J E M t Eθ σ τ σ⊥ ⊥= =  . To obtain 
τ  and τ ⊥ , one can use the method described by Mellnik et al. using Eq. (8.4) and 
Eq. (8.5). For our CoFeB/Ta devices, the values of τ  and τ ⊥  were found to be 
0.174 Oe and -0.444 Oe at 300 K. The corresponding value of θ  and θ⊥  are 
0.0175 and -0.0449. This result is qualitatively similar to an earlier study which 
reported larger τ ⊥  in CoFeB/Ta as compared to τ [112]. 
8.5.3 Temperature dependence 
ST-FMR measurements were carried out on CoFeB/Ta devices at different 
temperatures ranging from 15 to 300 K. Figure 7.10 shows the θsh as a function of 
temperature assuming no Rashba effect.  
 
Figure 8.10 Spin Hall angle in Ta obtained from ST-FMR measurements in 
CoFeB/Ta devices as a function of temperature. 
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The values of θsh at all temperatures are much higher than those found 
from spin pumping measurements. This discrepancy suggests a strong role of the 
Rashba effect in CoFeB/Ta devices at all temperatures.  
 
Figure 8.11 Effective in-plane spin orbit torque efficiency in Ta as a function of 
temperature. 
 
Thus, in-plane and out-of-plane spin orbit torque efficiency was evaluated 
for CoFeB/Ta devices for each temperature. Figure 8.11 and Fig. 8.12 show the 
θ  and θ⊥  as functions of temperature.  
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8.6 Discussion and Conclusions 
We have studied the spin Hall effect in spin orbit torques in Ta as a 
function of temperature. θsh as obtained from spin pumping measurements in 
Ta/Py devices was found to decrease from 0.015 to 0.01 as the temperature 
decreased from 300 to 15 K. The spin orbit torques (τ  and τ ⊥ ) were obtained 
from ST-FMR measurements in CoFeB/Ta devices and their temperature 
dependence was also studied. The θsh as obtained from spin pumping at 300 K is 
similar to the θ  from STFMR measurements, suggesting that the contribution of 
the Rashba effect to in-plane torque τ  at 300 K is not very large. However, at 
lower temperatures, the difference between θsh and θ  becomes more significant 
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which indicates a strong contribution of the Rashba effect to the τ . The out-of-
plane torque has a much larger value than in-plane torque at all temperatures as 
shown in Fig. 8.11 and 8.12.  
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Chapter 9 Conclusions and future work 
 
Highly efficient spin current generation is crucial for the realization of 
spintronics based novel devices. As mentioned in previous chapter, spin pumping 
is a promising process which generates a large density spin current over a large 
area in a non magnetic material. In this thesis, spin pumping was studied in 
ferromagnet/nonmagnet (FM/NM) structures by means of inverse spin Hall effect 
as well as ferromagnetic resonance linewidth measurements. This chapter 
summarizes the main results obtained in the work presented in this thesis as well 
as the possibility of extension of these results in future studies. 
 
9.1 Conclusions 
The role of NM/FM interface is of substantial importance in spin pumping. 
The efficiency of generation of spin current from a precessing magnetization is 
quantified by spin mixing conductance (g↑↓) of the NM/FM interface. The 
enhancement of g↑↓ in NM/FM devices will lead to enhancement in the amount of 
spin current generated in the spin pumping devices. From a simple model, it is 
known that g↑↓ increases with Fermi wavevector (kF) as 2Fg k↑↓ ∝ . Therefore, by 
the right choice of material at the FM/NM interface it is possible to tune the 
amount of spin current generated by spin pumping. We used a Cu layer in 
Ta/Cu/Py devices and found that the amount of spin current ‘pumped’ increased 
by ~2 times in the presence of a Cu interlayer. However, in Pt/Cu/Py devices, the 
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effect of Cu layer was to decrease the spin current density by 20-30%. Both these 





Apart from generation of spin currents, the detection of spin current is also 
of great importance in spintronics. Inverse spin Hall effect (ISHE) provides a 
convenient method of detection of spin currents by converting them to charge 
currents. The efficiency of this conversion, the spin Hall angle (θsh), is expected to 
be higher in heavy elements or compounds of heavy elements. Topological 
insulator materials, because of their high spin orbit coupling, can also be expected 
to detect spin currents very efficiently. So, we carried out spin pumping induced 
ISHE measurements in Bi2Se3/Py devices and obtained the θsh in Bi2Se3 to be 
~0.0093 at room temperature. These measurements also gave us the spin diffusion 
length, λsf in Bi2Se3 to be 6.2 nm at room temperature. By conducting such 
experiments at different temperatures we found that both θsh and λsf increased to 
0.022 and 9.5 nm as temperature decreased from room temperature to 15 K.  
Heavy metals such as Pt, Pd, and Ta have already been extensively studied 
for applications based on spin orbit torque. The θsh is an important quantity that 
characterizes the suitability of these materials in such applications. The 
temperature dependence of θsh in Ta was not reported until now. In one of the 
works presented in this thesis, the θsh in Ta was investigated by spin pumping as 
well as spin-torque ferromagnetic resonance measurements.  
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9.2 Future work 
The studies presented in this thesis focused on the value of θsh in the heavy 
metal Ta, and the TI bismuth selenide. It is important to study more materials to 
find a high value of θsh. It has been predicted that heavy metal impurities in a light 
metal host, or light metal impurities in a heavy metal host can give rise to large θsh. 
Apart from the spin Hall effect, the Rashba effect can also play important role in 
the dynamics of NM/FM systems. Thus, careful studies involving comparison of 
results between spin pumping and spin torque ferromagnetic resonance 
measurements should be carried out to estimate the Rashba effect in the NM/FM 
devices. Also, different TI materials such as Bi2Te3, Sb2Te3, and BiSbTeSe need 
to be explored further. The spin pumping experiments also offer the possibility of 
investigating spin-momentum locking in TIs. This can be done by passing a dc 
current to the TI layer of a spin pumping device during spin pumping induced 
ISHE measurements. A direct electrical proof of spin-momentum locking in TI 
surface states would be of great scientific interest. 
An open fundamental question in context of spin Hall effect is the 
anisotropy of spin Hall angle. From ab-initio calculations it has been suggested 
that materials with hexagonal crystal symmetry, the spin Hall angle may be 
different for different directions of charge current. It is of great scientific interest 
to experimentally study such materials to obtain a deeper insight into the physics 
of spin Hall effect [113,114]. 
Finally, these materials have be integrated into functional devices such as 
current induced spin orbit torque switching. For such applications, it is important 
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to tune anisotropy of the ferromagnetic layer in vicinity of the heavy metal or TI. 
It would be interesting to study device structures in which both spin transfer 
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